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Although ultrafiltration treatment processes are widely used for drinking water applications, their 
environmental performances remain poorly understood. The objectives of this work are to provide 
understanding of membrane environmental footprint, as well as to suggest and implement relevant 
innovative solutions for its mitigation.  
A multiphase ecodesign approach is applied to hollow fibres fabricated by phase inversion and 
operated in a dead-end mode. The two developed parameterized models evaluate environmental 
impacts during fabrication and operation as a function of operating conditions.   
The subsequent Life Cycle Assessment highlights glycerol-related operating conditions as interesting 
action levers for environmental mitigation of membrane fabrication. However, membrane operation 
accounts for nearly exclusively all environmental impacts, with electricity production and sodium 
hypochlorite fabrication as the two main contributors. The analysis also pinpoints the influence of 
filtration flux.    
Since opportunities for biosourced solvents exist, substitution of petrochemical solvents during 
membrane fabrication is chosen as an improvement strategy. A metrics-based methodological 
framework is suggested to rationalize sustainable membrane fabrication. Biosourced flat membranes 
using methyl lactate as a solvent have thus been prepared. The mixed environmental scores do not 
preclude solvent substitution as a relevant improvement strategy.  
Results highlight the feasibility and relevance of such an ecodesign approach based on process 
modelling and experimental work, and lay the foundations for further development. 
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Les procédés de traitement par ultrafiltration sont certes largement utilisés pour la production d’eau 
potable mais leurs performances environnementales restent néanmoins mal connues. Ce travail vise 
à une meilleure compréhension de l’empreinte environnementale des membranes, ainsi qu’à la 
proposition et mise en œuvre de solutions innovantes et pertinentes afin de l’atténuer. 
Une approche multi-étapes d'écoconception est appliquée aux fibres creuses fabriquées par 
inversion de phase et utilisées en filtration frontale. Deux modèles paramétrés ont été développés 
pour évaluer les impacts environnementaux lors des étapes de fabrication et d'utilisation en fonction 
des conditions opératoires. 
L’analyse de cycle de vie a mis en évidence que les conditions opératoires liées au glycérol étaient 
des leviers d’action intéressants pour l’étape de fabrication. La quasi-exclusivité des impacts 
environnementaux est toutefois liée à l’étape d’utilisation, pour laquelle la production d’électricité et 
la fabrication d’hypochlorite de sodium sont les deux principaux contributeurs. L'analyse montre 
également l'influence du flux de filtration. 
Des opportunités existent concernant l’utilisation de solvants biosourcés, d’où la stratégie 
d’amélioration qui consiste à remplacer les solvants d’origine pétrochimique lors de la fabrication 
membranaire. Un cadre méthodologique basé sur des indicateurs a été proposé afin de rationaliser 
la fabrication de membrane durable. Des membranes planes biosourcées ont ainsi été obtenues en 
utilisant le lactate de méthyle comme solvant. Les résultats environnementaux mitigés n'excluent pas 
pour autant le remplacement de solvant en tant que stratégie d'amélioration. 
Les résultats soulignent la faisabilité et la pertinence de cette approche d'écoconception basée sur la 
modélisation de procédé et le travail expérimental, et posent les bases des améliorations futures. 
 
Mots-clés : Modélisation de procédés − Analyse de cycle de vie (ACV) − Écoconception – Inversion de 
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Human societies undeniably transform and leave a footprint on our planet Earth. In November 2017 
in BioScience, the Union of Concerned Scientists supported by more than 15,000 scientists from 184 
countries reiterate their warning to humanity: the 9 indicators of global warming, depletion of 
natural resources and erosion of biodiversity follow alarming trends. The only significant 
achievement over the past 25 years is the reduced emissions of stratospheric ozone depleters (Ripple 
et al., 2017).     
 
The current ecological emergency sets a threefold challenge to the drinking water sector: 
 
1/ Ensure access to water for all despite global resource scarcity. Freshwater resources per capita 
have declined by 26% in 25 years, almost entirely due to rapid population growth (Ripple et al., 
2017). Freshwater available as groundwater and surface water (rivers, lakes) represents only 0.8% of 
the total water resources on our blue planet (Anctil, 2017). 
 
2/ Guarantee quality of treated water despite resource degradation. Agricultural, domestic and 
industrial activities emit substances such as pesticides, heavy metals and medicinal residues that 
contribute to the overall pollution of water resources. Tighter drinking water standards not only 
reflect advances in analytical chemistry but also echo public health concerns. 
 
3/ Limit environmental impacts of the value chain (i.e. water withdrawal, treatment, distribution, use 
and disposal). The challenge is to reduce energy and raw materials required to produce higher-
quality drinking water from scarcer and more degraded resources: achieve more with less. 
 
Addressing these challenges requires improved water treatment methods: greater flexibility in 
managing temporary peak demands; constant drinking water quality despite variable resource 
quality; reduced chemical use during water treatment; reduced physical footprint of treatment 
methods. The aforementioned technical specifications have led research to consider new 
technologies, notably membrane-based processes. 
 
In the 1980s, researchers in Toulouse (France) began the adventure of developing ultrafiltration with 
hollow fibre membranes for water clarification and disinfection (Aptel et al., 1985; Bersillon et al., 
1989; Université de Toulouse et al., 2014). In an inside-out dead-end configuration, raw water is 
circulated under pressure inside hollow fibres (i.e. fibre lumen) through their membrane thickness. 
Treated water is collected on the outside of fibres while impurities (pathogens, suspended and 
colloidal matter) are retained. The first ultrafiltration drinking water plant was commissioned in 1988 
in Amoncourt (France). Thirty years later, this membrane technology is considered mature and 
research work now focuses, among other things, on the third stated challenge ─ a challenge based on 






Armed with this awareness, Région Occitanie and Université de Toulouse have provided financial 
support for the ECOMEM project. Initiated by the Water Sensors and Membranes cluster, the project 
is implemented by two laboratories: Laboratoire de Génie Chimique and Toulouse Biotechnology 
Institute ─ Bio & Chemical Engineering (formerly LISBP). Focus is given to the ecodesign of water 
filtration membranes and more specifically to ultrafiltration hollow fibres operated in an inside-out 
dead-end configuration.  
 
Another feature of hollow fibres in our work is their cellulose acetate composition. Owing to its 
excellent filtration properties and low adsorption of natural organic matter, this material has been 
used to fabricate the first ultrafiltration drinking water membranes. Daicen Membrane-Systems Ltd. 
(n.d.) continues to market similar modules (FW50, FZ50 and FN20) for drinking water applications. 
Toyobo (2006) on the other hand markets cellulose acetate reverse osmosis membranes 
(HOLLOSEP®). Other fields of application include protein purification, concentration and diafiltration 
(ultrafiltration cassettes by Sartorius (2019)) and wastewater treatment by forward osmosis 
(OsmoF2OTM by Fluid Technology Solutions (2017)). Although cellulose acetate has a lower chemical 
resistance than petrochemical-based materials, this polymer still arouses interest (Kanagaraj et al., 
2016; Yang et al., 2019). Given that our research investigates environmental impacts of water 
ultrafiltration, it seemed natural to consider the only common biosourced and biodegradable 
polymer that has well-known performances in the studied application: cellulose acetate. 
 
The ecodesign of such organic membranes entails understanding hollow fibre and module 
fabrication. Membrane operation and fouling as a major limitation thereof also need to be 
comprehended and coupled at a further stage with membrane fabrication. The state of the art covers 
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This chapter first explains the need to treat raw water for drinking water purposes and how 
membrane-based processes overcome limitations of conventional processes. Membrane fabrication 
and operation are then detailed with a focus on research initiatives towards sustainability of both 
ultrafiltration (UF) membranes and their associated water treatment processes. In particular, 
ecodesign applied to membrane systems is developed and leads to expliciting the study objectives 
and methodology of this work. 
1 FROM RAW WATER TO DRINKING WATER 
1.1 QUALITY OF RAW WATER 
1.1.1 Impurities in raw water and related problems 
Raw water extracted from surface or groundwater is composed of a complex matrix of chemical 
substances. Biological, mineral and organic matter is naturally found in water as a result of surface 
run-off and infiltration. Rock weathering, soil leaching and decomposition of animal and plant debris 
are among common origins of impurities found in water. Anthropogenic activities also significantly 
impact on the composition of raw water, for instance, through discharge of wastewater, agricultural 
and industrial waste. Table I.1 summarizes common examples of impurities found in raw water. 
 
Table I.1 Common examples of biological, mineral and organic impurities 
Nature of impurity 




Algae and toxins 
Sand, silt, clay 
Iron, manganese 
Nitrate, nitrite, sulphate 
Natural organic matter (humic substances, 
proteins, polysaccharides)  
Pesticides 
Polycyclic aromatic hydrocarbons 
 
Raw water with impurities above acceptable limits is considered unfit for human consumption due to 
unmet organoleptic requirements (taste, odour, colour) and most importantly to public health risks. 
It should be noted that these drinking water criteria not only vary from one country to another but 
have also evolved over time with the development of analytic methods. Exhaustive lists of drinking-
water parameters and limits can be found in national regulations, generally more restrictive than 
international guidelines edited by the World Health Organization (2011). In what follows, focus is 
made on three major types of impurity:  
- Pathogenic impurities (bacteria, virus, protozoa); 
- Natural organic matter; 
- Colloids.  
 
The greatest short-term threat to human health from water consumption comes from pathogenic 
impurities. As shown in Table I.2, several species of bacteria, virus and protozoa can be transmitted 
through drinking water and cause human diseases. 





Table I.2 Major pathogenic impurities and associated water-borne diseases (adapted from WHO, 2011) 
Pathogen Water-borne disease 
Bacteria 
Escherichia coli Gastroenteritis 
Legionella Legionellosis 
Salmonella Typhoid, gastroenteritis 
Shigella Dysentery, gastroenteritis 
Vibrio cholerae Cholera 
Virus 









Natural organic matter (NOM), derived from decomposed animal and plant debris, is found in both 
dissolved and particulate form in raw water. Particulate organic matter is retained by a 0.45 µm filter 
whereas dissolved organic matter is not. The main concern of their presence is related to the 
formation of disinfection by-products during water treatment. Organic matter reacts with halogens 
(typically chlorine) to form trihalomethanes, many of which are carcinogenic (e.g. chloroform). 
Organic colour of water is often associated with humic substances, an important component of NOM 
that can be divided into three fractions: humic acids which precipitate below pH 2; fulvic acids which 
remain soluble irrespective of pH; and humins which are insoluble at any pH (Thurman & Malcom, 
1981).  
 
Colloids are defined according to size and not according to their microbiological or chemical nature. 
Colloids are electrically-charged particles inferior to 1 µm and impact on water colour and turbidity. 
Special focus is needed during water treatment because their small size results in a low effect of 
gravitational forces during settlement and electrostatic repulsion between particles prevents the 
formation of larger particles through coalescence.  
 
The appropriate water treatment process depends on the presence and quantity of pathogenic 
impurities, NOM, colloids and other impurities. Given the variety and variability of raw water quality, 
decision-makers and water suppliers feel the need to categorize raw water and relate to relevant 
degrees of treatment. 
1.1.2 Categories of raw water for water treatment 
As of 1975, surface water in the European Union intended for drinking water production was 
categorized according to 43 physical, chemical and microbiological parameters (directive 
75/440/EEC). Three categories defined the required treatment: 
- Category A1: simple physical treatment and disinfection; 




- Category A2: normal physical treatment, chemical treatment and disinfection; 
- Category A3: intensive physical and chemical treatment, extended treatment and disinfection. 
Whilst the new framework (2000/60/EC) places more emphasis on the prevention of water pollution 
and preservation of water bodies, the curative approach of the 1975 Directive based on restrictive 
limit values corresponds more closely to water suppliers core business, namely by clarifying the 
relationship between raw water quality and water treatment.     
 
Crozes (1994) further studied relationships between raw water quality and water treatment 
operating conditions based on statistical analysis of data obtained from pilot trials. Seven raw water 
categories have been suggested with corresponding operating conditions for membrane separation 
(flux, transmembrane pressure (TMP), filtration duration...). The most discriminating parameters for 
this classification are the nature and quantity of NOM, determined by UV254 nm and total organic 
carbon (TOC) measurements. Nowadays, water suppliers still use such categories as sizing and 
operating tool for drinking water plants.   
1.2 CONVENTIONAL WATER TREATMENT 
Conventional water treatment of both surface and groundwater can be divided into four 
chronological stages detailed below. 
I. PRELIMINARY TREATMENT 
Screening removes solids down to 1 mm. High levels of iron and 
manganese in groundwater can be treated by pre-oxydation with 
chlorine or oxygen. Pre-chlorination of surface waters is no longer a 
current practice due to risks related to trihalomethane formation.   
  
II. CLARIFICATION 
The sequence of physico-chemical unit operations (coagulation-
flocculation-settlement followed by sand filtration) aims as the 
destabilization and separation of colloids, along with the removal of 
larger suspended particles. 
  
III. EXTENDED TREATMENT 
Ozonation and filtration with granular activated carbon (GAC) media 




Pathogens are killed or inactivated with chlorine-releasing 
compounds (chlorine, chloramine, chlorine dioxide) or UV radiation. 
A residual disinfectant is added so that water remains pathogen-
free through the distribution system. 
 
Conventional water treatment and its successive unit operations are widely used but are nonetheless 
subject to major limitations: 




- Drinking water from such a process can be of variable quality due to variable raw water quality 
and the interdependence of unit operations as regards their performance. Adjusting the chemical 
dosage to input load with precision during coagulation and flocculation may prove to be 
technically difficult. Poor colloidal destabilization limits performances of sand filtration and 
disinfection. Overall turbidity and colour of drinking water are affected; 
- The use of chemicals is necessary for the removal of colloids due to their size and chemical 
nature;    
- Toxic by-products may form during disinfection in the presence of remaining NOM; 
- Infrastructures, especially settling basins, can have a large physical footprint.  
1.3 MEMBRANES FOR WATER TREATMENT 
As of the 1980s, limitations of conventional water treatment have led researchers to investigate on 
the use of membranes to treat freshwater (Bersillon et al., 1989; Cabassud et al., 1991; Clark & 
Heneghan, 1991; Jacangelo et al., 1997; Laîné et al., 2000). In 1988, the first UF drinking water plant 
was inaugurated in France (Amoncourt, 10 m3 h-1). Nowadays membrane technology for drinking 
water applications is a mature technology notably owing to the: 
- Constant quality of treated water; 
- High-quality treated water as compared to that obtained with conventional water treatment, 
which moreover meets more stringent potable-water standards; 
- Physical nature of the treatment, thereby avoiding chemical inputs and formation of disinfection 
by-products; 
- Technology compacity. 
 
UF is the most common variety of membrane filtration used for freshwater potabilization. This 
pressure-driven filtration process separates particles in the range of 1 to 100 nm, which includes 
suspended and colloidal matter, and pathogenic impurities except for the smallest species of virus.  
 
As discussed in the following sections, UF membranes in drinking water plants are primarily self-
supported hollow fibres based on a porous organic structure. 
 
  




2 FABRICATION OF ORGANIC MEMBRANES AND MODULES  
 
Organic filtration membranes represent more than 80% of the membrane market. They can be 
cheaply fabricated in various geometries and pore sizes as opposed to mineral membranes (ceramic, 
porous carbon, metal, glass...) that are only available as tubular or flat-shaped and limited to 
microfiltration (MF) and UF. Although mineral membranes offer greater chemical, mechanical and 
thermal resistances than organic ones, their high investment cost is a major constraint on 
commercial development. At this point in time, organic membranes are more appropriate for low 
value-added applications such as drinking water treatment. 
2.1 TYPES OF MEMBRANES AND MODULES 
2.1.1 Membrane structure and material 
Depending on the target application and consequent fabrication method, three types of membrane 
structures can be obtained: symmetric, asymmetric (anisotropic) and composite.    
 
Symmetric and asymmetric membranes are both composed of a single material. Symmetric 
membranes (porous or dense) have a uniform pore size along the membrane's thickness, whereas 
asymmetric membranes are made up of one or two selective layers and a porous support layer. The 
selective layer sets the membrane's selectivity and permeability: it has the smallest pore size and 
lowest porosity. The mass transport rate is also inversely proportional to the layer's thickness. In this 
sense, asymmetric membranes' thin selective layer offers reduced resistance to mass transport 
compared to symmetric membranes. The support layer does not influence on the mass transport 
rate or selectivity but solely provides mechanical strength. Composite membranes are composed of 
several layers of different materials and porosities. Resistance to mass transport is further reduced 
thanks to an even thinner selective layer. 
 
Membrane material impacts on the selective layer's performances as well as the overall membrane's 
resistance to heat flow and exposition to chemicals. Resistance to mechanical stress partly depends 
on membrane material, two other important factors being membrane structure and geometry.    
 
Organic membranes consist of polymeric matrices. Common polymers used for filtration membranes 
can be classified in classes: cellulosic derivatives, polysulfones, polyamides, polyolefins including 
fluorinated derivatives, polycarbonate, acrylic derivatives (grafted or as copolymers) and other 
polymers used as additives or membrane surface modifiers.  
 
Although a variety of polymers exist for filtration membranes, only four dominate the UF market of 
drinking water treatment: cellulose triacetate (CTA), polyethersulfone (PES), polysulfone (PS) and 
polyvinylidene fluoride (PVdF).  
 
CTA offers several advantages related to membrane fabrication and operation: 




- CTA membranes are easy to fabricate; 
- The raw material for CTA, cellulose, is abundant, biosourced and cheap; 
- Both high permeability and selectivity are obtained;  
- Fouling by adsorption, in particular of NOM, is low. 
 
Notable limitations in CTA use exist (Cheryan, 1986):   
- The pH range is limited from 2 to 8. Acidic and alkaline conditions accelerate hydrolysis of the 
cellulose backbone and acetyl groups respectively. Operating and cleaning within a limited pH 
range maintains membrane integrity and performances;   
- Temperature is limited to a maximum of 30°C. Temperature accelerates hydrolysis reaction rates 
leading to reduced membrane lifespan;  
- Chlorine concentration and exposure time need to be carefully controlled so as to avoid CTA 
oxidation. Suggested thresholds are 1 mg L-1 for continuous injection and 50 mg L-1 for an hour-
long shock dose;    
- Microbial proliferation also needs to be controlled because CTA can easily be biodegraded. 
Disinfectant agents such as chlorine can be used, in compliance with recommended 
concentrations and exposure times.    
 
PS, PES and PVdF have greater thermal and chemical resistances than CTA. Continuous operation at 
75°C or with a pH from 1 to 12 is for example possible (Arkema, n.d.; Cheryan, 1986). Polysulfones 
can respectively withstand 5 mg L-1, 50 mg L-1 and 200 mg L-1 for continuous injection, long-term 
storage and short-term shocks (Cheryan, 1986). Unlike CTA however, these three membrane 
materials are prone to greater fouling by adsorption. Fouling affects membrane productivity and calls 
for preventive and curative measures. The question arises of whether less fouling by adsorption 
offsets limitations in thermal and chemical conditions. Although industrial choices have been made, 
not all aspects (technical, environmental, economic...) of this question have been addressed.   
2.1.2 Module configuration 
Fabricated membranes are assembled into modules for membrane filtration. Module geometry 
depends on membrane geometry: tubular, hollow fibre and flat. Tubular and hollow fibre 
membranes are cylindrical-shaped tubes with different dimensions (see Figure I.1). A tubular module 
consists of one or more parallel tubes, whereas a hollow fibre module contains several dozens to 
thousand parallel fibres. Flat membranes can be either stacked into a plate-and frame module or 
rolled around a tube to form a spiral-wound module.  
  






Figure I.1 Internal diameters of hollow fibre and tubular membranes (adapted from Porter, 1989) 
Compact hollow fibre modules (up to 15,000 m2 m-3) with low dead volumes are obtained due to the 
small internal diameter of hollow fibres (less than 3 mm). Investment and energy costs are also 
relatively low compared to other module configurations (see Table I.3). The membrane structure 
makes it possible to wash hollow fibres with a counter-current flow. Pretreatment to 80-150 µm is 
required to avoid particles from plugging internal channels, in contrast to 5 µm or less for spiral-
wound modules. 
   












Tubular Tubular 10 – 300 ++ +++ + + 
Plate and frame 
Flat 
100 – 400 ++ ++ +/++ ++ 
Spiral-wound 300 – 1,000 + + ++/+++ ++ 
Hollow fibre Hollow fibre 1 000 – 15,000 + + ++ +/++ 
Legend: + low, ++ moderate, +++ high . 
 
These interesting features provide an explanation to the 95% use of hollow fibre modules in drinking 
water treatment applications.  
2.2 MEMBRANE FABRICATION METHODS 
The most common industrial membrane fabrication method is phase separation. MF to reverse 
osmosis (RO) membranes can be obtained with a wide variety of characteristics that can be adjusted 
by changing operating conditions. The prerequisite for the method is that the polymer be soluble in 
at least one solvent. The polymer is indeed first dissolved in a solvent. The resulting homogeneous 
polymer solution is either cast on a planar support to obtain flat membranes or extruded to obtain 
hollow fibres. A change of thermodynamic state of the polymer solution causes its separation into 
two phases: a polymer rich phase that solidifies into the membrane structure and a polymer lean 
phase that creates the porous structure. Three types of phase separation can be distinguished 
according to how the change from a soluble to insoluble polymer is induced:  
 
- Non-solvent induced phase separation (NIPS): a binary solvent/polymer solution is immersed in 
a liquid non-solvent. The latter must be miscible with the solvent and not dissolve the polymer 




for both the diffusion of the solvent in the non-solvent and non-solvent in the polymer solution 
to take place. Asymmetric membranes are obtained, usually with undesired macrovoids that 
lower the membrane's mechanical resistance. 
 
An alternative to the classic NIPS is to form a ternary polymer solution composed of a polymer, 
volatile solvent and non-solvent. Differential evaporation results in a solution composition for 
which the polymer is insoluble. Highly porous symmetric membranes can thereby be formed 
with a semi-crystalline polymer such as PVdF.  
 
- Vapour induced phase separation (VIPS): similar to NIPS, the non-solvent in this case is in vapour 
phase. It diffuses in the polymer solution as the solvent evaporates.  
 
A combination of VIPS and NIPS is possible, also called dry/wet phase separation, to limit the 
formation of macrovoids in asymmetric membranes. A polymer solution is in contact with vapour 
before being immersed in a liquid non-solvent. 
 
- Temperature induced phase separation (TIPS): used for polymers that do not easily dissolve at 
ambient temperature (e.g. polypropylene, polyethylene). A homogeneous polymer solution is 
formed at high temperature and then cooled until the polymer precipitates. This leads to 
symmetric or weakly asymmetric membranes, mainly used for MF. 
 
An extended fabrication method for composite membranes is interfacial polymerization. A layer of 
reticulated polymer is synthesized at the surface of a porous support (typically obtained by phase 
inversion). In practice, the porous support is immersed in two solutions consecutively, each being 
made up of a monomer and a solvent. The monomers' hydrophilicity should be different from one 
another and the solvents immiscible. Polycondensation occurs at the interface of the two solvents. 
The resulting thin polymer layer constitutes the membrane's selective layer.            
 
Other porous membrane fabrication methods include stretching of semi-crystalline polymer sheets 
(for MF and UF symmetric membranes), track-etching (for MF membranes with narrow pore size 
distribution) and sintering of polymer powders (for MF membranes).     
2.3 HOLLOW FIBRE FABRICATION PROCESS BY NIPS 
Due to the relative simplicity of its set-up the NIPS process is predominantly used on an industrial 
scale to fabricate porous asymmetric membranes. The thermodynamics and kinetics of the process is 
first outlined in this section, which allows to understand the influence of main operating conditions. 
The industrial process is detailed in a subsequent part. 
2.3.1 Thermodynamics and kinetics  
Membrane formation by NIPS can be described on a thermodynamic level by a ternary isothermal 
phase diagram as shown in Figure I.2. 






Figure I.2 Schematic ternary phase diagram for NIPS   
The initial polymer solution (point A) changes composition upon immersion in a liquid non-solvent; 
the non-solvent diffuses in the polymer solution and the solvent in the non-solvent. Polymer 
precipitation is initiated when the composition of the ternary system reaches the binodal curve 
(point B). Two phases begin to form: a polymer rich phase and a polymer lean phase. As diffusion 
continues in the two-phase region, polymer concentration becomes sufficiently important in the 
polymer rich phase to form a gel (point C). Final membrane morphology, similar to the membrane's 
structure at point C, depends on the initial polymer solution composition (point A), position of the 
binodal curve and precipitation path (from point A to D). Point D on the polymer/non-solvent axis 
gives the membrane's global porosity. 
 
Thermodynamic equilibrium is assumed when using the phase diagram. Porosity can be deducted 
from compositions but not asymmetry or pore size for example. Such structural properties are 
determined by kinetics rather than thermodynamics. Key parameters related to diffusion are 
however difficult to obtain experimentally given their various dependencies (composition, 
temperature, viscosity...) and non-equilibrium during phase separation. As a result, rationalization of 
membrane formation mechanisms still remains qualitative rather than quantitative (Strathmann & 
Kock, 1977). 
 
Asymmetry is explained by the decreasing rate of precipitation in the polymer solution's thickness. 
Precipitation first occurs at the interface non-solvent/polymer solution. The formed dense skin layer, 
corresponding to the final membrane's selective layer, acts as a barrier to mass transfer of solvent 
and non-solvent. Rationalization of dense skin formation led Strathmann et al. (1975) to suggest two 
extremes characterized by distinct membrane morphologies and associated performances. In the 
case of low rates of precipitation, the non-solvent transfer rate is slower than that of the solvent, and 
sponge-like membranes with low permeabilities and high retention rates are obtained. On the 
contrary, high rates of precipitation lead to membranes with large finger-like pores: the dense skin 
layer ruptures thereby decreasing resistance to mass transfer. The non-solvent penetrates the 




polymer solution quicker than the solvent out of it. These membranes are associated with high 
permeabilities and low retention rates. Membranes usually fall in between these two extremes.  
 
Understanding of the thermodynamics and kinetics of membrane formation by NIPS provides 
explanation as to how operating conditions influence membrane properties and gives further insight 
on how to vary them accordingly. 
2.3.2 Main operating conditions  
A large number of operating conditions impact on membrane properties and can be categorized 
under either initial polymer solution composition, coagulation or hollow fibre spinning. Membrane 
asymmetry, porosity, pore size and resulting properties (permeability, retention rate, mechanical 
strength...) can be tailored by varying these operating conditions.   
 
Among important operating conditions is the choice of the polymer/solvent/non-solvent system. The 
difference in solubility parameters is used to approximate interactions involved in the system 
(Strathmann et al., 1977). Similar solubility parameters between two compounds indicate chemical 
affinity. Low solubility parameter differences between the polymer and both the solvent and non-
solvent favour sponge-like structures over finger-like ones. The same holds for high solubility 
parameter differences between the solvent and non-solvent. In both cases, the rate of precipitation 
is slowed down (Frommer & Messalem, 1973; So et al., 1973).  
 
Finger initiation can also be prevented by increasing polymer weight fraction in the polymer solution. 
This increases polymer concentration in the precipitated skin layer and its strength. Another effect is 
the increase in polymer solution viscosity resulting in slower solvent and non-solvent diffusion during 
phase inversion (Cabasso et al., 1976). 
 
Possible ways to limit the non-solvent transfer rate, and thus precipitation rate, are to lower non-
solvent or increase solvent concentrations in the non-solvent composition (Smolders et al., 1992).  
 
In a more general manner, any additive can be added to the polymer solution or non-solvent to act 
on the precipitation rate. Typical additives in the polymer solution (inorganic salts such as LiCl and 
water soluble polymers such as polyvinylpyrrolidone (PVP) and polyethylene glycol (PEG)) are chosen 
for their affinity with the non-solvent (most often water). In such a case, an accelerated non-solvent 
transfer rate is sought for permeable finger-like membranes (Bottino et al., 1988; Fontananova et al., 
2006; Sadrzadeh & Bhattacharjee, 2013). The effect can be mitigated by increasing the additive's 
molecular weight, in particular of polymers, which results in a more viscous polymer solution 
(Cabasso et al., 1976).   
 
Spinning operating conditions are specific to the hollow geometry of fibres. The polymer solution is 
extruded through the annular orifice of a spinneret into a coagulation bath. A bore liquid is pumped 




through the inner tube of the spinneret to provide the hollow structure by controlling the fibre's 
internal diameter. Both the bore liquid and fluid in the coagulation bath can be considered as non-
solvents, depending on whether a selective layer on the inner and/or outer surfaces of hollow fibres 
is desired. 
 
Main spinning operating conditions are the polymer solution's and bore liquid's velocity in the 
spinneret, as well as the air gap between the spinneret and the coagulation bath. Sponge-like 
structures can be favoured by increasing polymer solution's velocity. Increased shear stress in the 
spinneret aligns polymer chains in the flow direction leading to a close-packed polymer structure. 
(Chung et al., 1998; Wang et al., 2004). Increased elongation stress due to a greater air gap has the 
same effect. The pressure exerted by increased bore liquid velocity has the opposite effect however. 
Instead of being elongated, pores are deepened in the membrane's thickness and more porous 
membranes are obtained. 
 
Once main operating conditions in hollow fibre fabrication have been identified and their influence 
on membrane properties described, researchers have sought to optimize permeation and retention 
rates according to these conditions, notably with design of experiments (Amirilargani et al., 2010; 
Idris et al., 2002; Ngang et al., 2012). Challenges exist to predict threshold limits of dual effects. For 
example, Amirilargani et al. (2010) and Saljoughi & Mohammadi (2009) observed that increasing 
additive concentration increases membrane porosity to a certain point after which a decreasing 
trend is noticed.    
 
The empiricism of membrane fabrication has nonetheless not prevented the industrial production of 
hollow fibres.  
2.3.3 Industrial process 
The industrial process can be divided into three stages: hollow fibre spinning, module preparation 
and module testing.   
 
Figure I.3 is an example of the spinning process, which is typically highly automated. The polymer 
solution is stirred and heated in a vessel (2) until the polymer has completely dissolved and 
transferred to a degassing vessel (3). Gas bubbles from the polymer solution are removed, by a 
vacuum extraction system for example, to avoid the rupture of the skin layer and presence of holes 
across the final hollow fibre's thickness. The degassed polymer solution is filtered to remove any 
macro-waste or undissolved polymer and transferred to the spinneret (8) into the coagulation bath 
(9). A bore liquid is also prepared (6) and pumped to the spinneret. As detailed in the enlarged 
version of the spinneret, the bore liquid and polymer solution are pumped at a controlled flow rate in 
its centre-tube and outer-orifice respectively. This configuration offers adequate flexibility to choose 
the number and location of the hollow fibre's selective layers (inside and/or outside surface). Hollow 
fibres possess their final structure upon leaving the bath along the spinning chain. A rinsing step (10) 




eliminates any remaining solvent in the membrane structure. The hollow fibre can be placed in a 
storage tank (12) or wound as a bundle on a mechanical arm for subsequent module preparation.      
 
 
Figure I.3 Spinning process (adapted from Deshmukh & Li, 1998) 
The module preparation process during which hollow fibres are assembled into modules is less 
documented in the literature than spinning and is primarily based on proprietary information and 
patents (Abidine, 1995; Espenan & Saux, 2017; Liou & Aptel, 1990; Saux & Wessel, 1993; Schutz & 
Paris, 1990). Li et al. (2004) are one of the few making the connection between lab-scale research 
and industrial-scale production. Stakes for module preparation are threefold: 
- secure module integrity (waterproof sealing and resistance to chemicals, heat flow, mechanical 
and hydraulic stress) for a prolonged lifespan; 
- guarantee a compact assembly of hollow fibres inside the membrane housing so as to limit the 
module's physical footprint during filtration operation; 
- maintain good hydraulic profile inside the module, which could for example be jeopardized by 
dead zones created by fibres packed too close to one another.  
 
Hollow fibres are first placed as bundles in a membrane housing and cut at the desired length. A 
potting compound (epoxy resin, polyurethane...) is injected on both ends to seal the module's inside 
volume. The adhesion of the potting compound to the membrane housing and hollow fibres' outer 
surface is crucial to maintain a waterproof seal even under pressure. Preliminary drying of hollow 
fibres is sometimes carried out for effective adhesion. In that case, a liquid chemical may first be 
added to lower surface tension of air-liquid interfaces inside pores and prevent them from collapsing 
during drying. This is especially true for membranes with small pore sizes for which the pressure 
difference across the air-water interface in the pores can be greater than yield strength. The added 
chemical may be evaporated (alcohol, acetone...) or remain in pores (glycerol or PEG in water, 
isopropanol...) during drying.  
 




A final stage is to test the module against specifications (permeability, rejection, tensile force...). The 
intactness of hollow fibres in a module is furthermore checked by integrity testing. Pressure hold 
tests and bubble tests are two examples of such testing. In both tests air is applied to one of the 
fibres' side (intake or permeate side) at a pressure below the bubble point. During pressure hold 
tests valves are closed to isolate the module and pressure on the fibres' other side is measured. 
Pressure can slightly drop with air diffusing in the fluid inside the membrane pores. There is a leak if 
the pressure drops substantially. During bubble tests there is a leak if bubbles appear on the fibres' 
other side. Leaks can for example come from a defective fibre. Filling both fibre ends with potting 
compound condemns it. 
2.4 TOWARDS SUSTAINABLE UF MEMBRANES  
2.4.1 Stakes and issues  
Membrane fabrication has not been exempted from health, safety and environmental concerns. As 
regards NIPS processes, and phase inversion in general, focus in the literature is restricted to the two 
raw materials used in greatest quantities: the solvent and polymer that is initially dissolved.  
 
Three of the most common dipolar aprotic solvents used for NIPS (N-methyl-2-pyrrolidone (NMP), 
N,N-dimethylacetamide (DMA) and N,N-dimethylformamide (DMF)) are identified by the European 
REACH regulation as substances of very high concern for their potential reproductive toxicity. Other 
adverse effects include flammability, eye irritation, respiratory irritation and skin sensitization. Their 
current use during membrane fabrication requires precautionary measures to be taken to reduce 
solvent exposure and protect workers' health and safety. Their future use is compromised since 
regulatory restrictions aim at substitution by less toxic alternatives.  
 
The initial amount of solvent is entirely found in wastewater after membrane coagulation and 
rinsing. Razali et al. (2015) estimate that this wastewater represents more than 95% of the total 
waste produced during membrane fabrication. Their survey pinpointed that only 4 out of the 13 
surveyed membrane manufacturing companies treat wastewater before disposal. It has however 
been calculated that solvent concentration in wastewater is always above the 100 ppm organic 
impurity threshold. In that respect, the challenge is to recover water of adequate quality (lower than 
8 ppm of solvent) and at operating costs and energy requirements lower than by distillation (i.e. 
minimum 80 MJ m-2 membrane) for re-use during coagulation and rinsing (Razali et al., 2015).  
 
The petrochemical origin of both common polymers and solvents used in membrane fabrication gives 
rise to environmental concerns that mirror those voiced on a global scale. Depletion of fossil 
resources, climate change due to greenhouse gas emissions and adverse health effects due to 
inhalation of volatile organic compounds are reasons put forth to reduce dependency on fossil-based 
resources. The petrochemical production of 1 kg of THF, for example, requires 271 MJ-eq, far above 
the 91 MJ-eq and 50 MJ-eq necessary to produce 1 kg of DMF and ethanol respectively. This is due to 
the complex production route needed (Capello et al., 2007).    




2.4.2 Toxic solvent substitution 
Medina-Gonzalez et al. (2011) were one of the first research teams to consider toxic solvent 
substitution in membrane fabrication. Their work is extensively referred to in Figoli et al.'s (2014) 
review on the beginning stages of solvent substitution in membrane fabrication in which examples 
are given of less or non-toxic solvents, seven of which apply specifically to NIPS processes. Since 
then, there have been a limited number of new examples of alternative solvents. Solubility 
parameters are often used to indicate whether a solvent can potentially dissolve the chosen polymer. 
Solubility must however always be observed experimentally. As for solvent toxicity, information can 
be found in institutional chemical databases or material safety data sheets.  
 
One category of alternative solvents tackles the reprotoxicity issue without any shift of paradigm 
concerning the solvents’ fabrication process. This is the case of triethylphosphate derived from 
phosphate rock, a critical raw material as identified by the European Union (European Commission, 
2017) and used to fabricate PVdF membranes (Abed et al, 2012). Rhodiasolv®Polarclean and 
Tamisolve®NxG are two industrial trademarks for petrochemical-based solvents investigated for NIPS 
(Dong et al., 2018; Marino et al., 2017; Marino et al., 2018; Wang et al., 2019). The former is a by-
product of polyamide 6.6 synthesis and the latter (1-butylpyrrolidin-2-one) a compound structurally 
similar to NMP. 
 
Bio-sourced solvents such as methyl lactate, an ester derived from lactic acid bacterial fermentation, 
have also been tested in the literature. Cellulose acetate (CA) flat membranes with either LiCl or 
CaCl2 as additives have been obtained and performances acceptable for UF (permeability up to 177 L 
m-2 h-1 bar-1, molecular weight cut-off (MWCO) between 15 and 35 kDa with PEG as tracer, breaking 
pressure equal to 3 bars or more) (Medina-Gonzalez et al., 2011). Further testing as regards 
mechanical properties or fouling behaviour is necessary to confirm its technical relevance, as well as 
the technical feasibility of hollow fibre fabrication. Dihydrolevoglucosenone is described as a 
promising alternative for common dipolar aprotic solvents (Marino et al., 2019). Its 
commercialisation phase as CyreneTM as trademark may lead to greater application in membrane 
preparation.  
 
Ionic liquids have recently emerged as alternatives (Kim et al., 2017; Xing et al., 2010). These salts 
have a melting point below 100°C and their properties, solubility in particular, can be tuned 
according to the nature of the cation or anion. Toxicity data is however still limited and certain ionic 
liquids have been flagged as toxic or flammable. The synthesis route from petrochemicals, reported 
to be material and energy consuming, offers further scope for improvement (Clark & Tavener, 2007).   
2.4.3 Petrochemical polymer substitution 
Galiano et al.'s (2018) review puts forth research efforts as regards the use of polymers derived from 
plant and animal sources, as well as from bacterial fermentation products for membrane fabrication 
applied to a variety of fields (water treatment, gas and liquid separation, medical applications). 




Cellulose derivatives and polylactic acid (PLA) stand out as major bio-sourced polymers for UF. 
Whereas industrial applications exist for the former, research is still ongoing for the latter.  
 
CA has been used for drinking water treatment by UF since the 1980s (Bersillon et al., 1989; 
Cabassud et al., 1991). This polymer synthetized by the acetylation of cellulose, obtained from wood 
pulp or cotton, shows interesting hydrophilic features for water treatment. CA is usually used as sole 
component of UF membranes (Medina-Gonzalez et al., 2011; Nakatsuka et al., 1996; Qin et al., 2003; 
Saljoughi & Mohammadi, 2009). Blends have been investigated to either improve performances or 
mitigate limitations of basic membranes. Kanagaraj et al. (2016) used macromolecules prepared from 
polyurethane pre-polymers to modify CA membrane surfaces. Macromolecules incorporated in the 
polymer solution before dry/wet phase separation led to membranes with greater surface 
hydrophilicity compared to non-blended membranes. Deposition and adsorption of humic acids 
during UF tests were reduced. Sivakumar et al. (2006) used CA to decrease the hydrophobicity of 
polysulfone membranes and applied the resulting blended membranes to protein and heavy metal 
ion separation. 
 
More recently, Hanafia et al. (2017) casted membranes from hydroxypropylcellulose, a thermo-
responsive cellulose ether. Besides a pore-forming additive, a cross-linking agent and cross-linking 
reaction catalyst were added to the polymer solution. Cross-linking was necessary to obtain an 
isotropic structure and prevent the final membrane from dissolving in water. A variant of the classic 
TIPS process was applied; temperature was increased above its lower critical solution temperature to 
induce phase separation. 
 
Several examples of PLA membranes fabricated by phase inversion can be found in the literature 
(Chinyerenwa et al., 2018; Chitrattha & Phaechamud, 2013; Moriya et al., 2009; Moriya et al., 2012; 
Phaechamud & Chitrattha, 2016). The polymer is obtained either from ring-opening polymerization 
of lactide (i.e. cyclic di-ester derived from lactic acid) or via direct polycondensation of lactic acid. Its 
biodegrability and biocompatibility explain the preferential use for medical and pharmaceutical 
applications. PLA use in water treatment by membrane separation has been carried out by Moriya et 
al. (2009, 2012). One limitation concerned the hydrolytic decomposition of the polymer: model 
protein rejection of the fabricated PLA membranes dropped from 80.0 to 31.5% after having been 
kept 10 months in water at room temperature. A second limitation linked to the adsorption of model 
proteins and natural organic matter was mitigated by inserting up to 5 wt% of triblock co-polymer 
(i.e. PLA−PEG−PLA) in the polymer solution. Relative permeabilities of blended membranes achieved 
0.9 for separate filtration of bovine serum albumin and humic acid, an improvement compared to 0.3 
and 0.7, respectively, obtained with non-blended membranes.   
2.4.4 Conclusion 
Research efforts towards sustainable UF membranes are focused on substituting toxic solvents and 
petrochemical-based polymers. As noted by Jiang and Ladewig (2019), these efforts render 




membrane preparation only partially eco-friendly since not all inputs, from raw material fabrication 
to possible membrane post-treatment, are considered. Furthermore, such substitutions are done 
empirically with solubility parameters as sole methodological approach. Technical feasibility of 
membrane fabrication with these substitutes is shown but comparative environmental assessment 








3 UF PROCESS IN DRINKING WATER TREATMENT 
3.1 UF TECHNOLOGY IN A WATER TREATMENT PROCESS  
3.1.1 UF as unit operation 
Given the physical barrier it represents for colloidal matter and pathogenic impurities, UF can be 
used in drinking water treatment for both clarification and disinfection purposes. Common examples 
of membrane integration are given in Figure I.4. Basic pre-treatment and UF typically suffice for low-
concentration turbid water (0-1 NTU) with low levels of organic matter (0-1 mg TOC L-1). For higher 
loads, UF can substitute sand filtration and disinfection operations in a more qualitative manner. UF 
may also be used downstream of conventional clarification (coagulation-flocculation-settlement and 
sand filtration) to secure water quality.    
 
 
Figure I.4 UF integration in drinking water treatment 
In integration levels 2 and 3, powder activated carbon (PAC) may be injected upstream, for pesticide 
adsorption for example and be removed by membrane separation. This avoids using GAC filtration 
columns. Even after a chemical-free disinfection by UF, post-disinfection remains necessary to 
maintain a residual disinfectant concentration through the distribution system to the point of use. 
 
Just as raw water quality impacts on the designed water treatment process, the quality of UF input 
water can impact on its mode of operation (i.e. dead-end or cross-flow). Dead-end operation, for 
which all input water passes through the membrane layer, has the advantage of consuming 
approximately 0.3 kWh m-3 less energy compared to a cross-flow operation and is therefore 
industrially preferred (Glucina et al., 1998). The latter mode of operation may be used to treat 
occasional turbid input water, notably for PAC concentrations above 5 ppm. 
 
In what follows, only dead-end operation is considered. The absence of recirculation pumping system 
leads to more compact module configurations.   
3.1.2 Module configuration 
Optimum module configuration is important for several reasons: 




- To limit physical footprint through improved compactness; 
- To mitigate costs linked to piping, instrumentation and other equipment; 
- To simplify construction thanks to isolation and control valves that ensure installation 
modularity; 
- To facilitate operation by enabling for instance successive filtration, washing and cleaning 
procedures within a same given UF unit; 
- To carry out effective maintenance, notably integrity testing. 
 
Modules are installed vertically on support systems (except for Pentair's horizontal Xiga systems) and 
connected to various supplies (input, output, washing, cleaning…), through module end caps for 
example. For low output flow, typically up to 10,000 - 20,000 m3 day-1, modules are arranged into 
skids, which each have the required pumping, piping and automation system to operate 
independently from other skids (Suez, n.d.).  
 
Modules in larger systems are arranged into blocks. An example is given in Figure I.5. Each of the four 
blocks is composed of four rows of modules, two rows (i.e. a rack) on each side of main collecting 
pipes. Unlike for skids, common equipments such as pumps and tanks for cleaning operations are 
mutualized to reduce capital expenditure.   
 
 
Figure I.5 4 blocks of 44 modules (Suez, n.d.) 
3.2 MEMBRANE FOULING  
The main limitation of membrane-based technology is fouling. The accumulation of matter on the 
membrane surface or in the porous structure leads to permeability decline, which requires regular 
cleaning. This differs from concentration polarization for which matter accumulates in the boundary 
layer of the upstream membrane surface and can be reversed by either removing feed pressure or 
filtering with a pure-water feed. Understanding fouling, among which its influencing factors, is 
necessary to apply appropriate control and remediation measures. These factors can be represented 
as a triptych that involves input water characteristics, membrane properties and operating 
conditions. The three are dealt with in the following section along with methods to limit and reverse 
fouling.  
3.2.1 Influence of water quality  
The complexity of fouling as a phenomenon arises in part from the complex matrix of input water. As 
a result, different fouling mechanisms such as adsorption or cake formation may occur, usually 




simultaneously. The aim of this section is not to detail fouling mechanisms but rather explicit major 
foulants.   
 
NOM as well as particulate and colloidal matter have been identified as major foulants. Howe and 
Clark (2002) studied the influence of different water components in natural surface waters on flux 
decline according to their size through a sequential filtration process. Particulate matter contributed 
up to 36% to flux decline during filtration trials with CA, PES and polypropylene membranes (100 kDa, 
20 kDa and 0.2 µm respectively). Very small colloids, between 3 and 20 nm in diameter according to 
the protocol, contributed more significantly than particulate matter. Peiris et al. (2010) considered 
colloidal and particulate matter together in the principal component analysis of a sampled surface 
water. It was observed that this component accumulates on the membrane surface during filtration 
as loosely attached foulants and can therefore be easily removed by hydraulic washing procedures.  
 
More problematic foulants are those that are tightly bound to the membrane, typically humic 
substances- and protein-like matter, both NOM fractions (Alresheedi et al., 2019; Peiris et al., 2010; 
Peldszus et al., 2011; Teychene et al., 2018). The predominance of one NOM fraction as regards 
membrane fouling is often investigated but is recognized to be case specific. Interactions between 
foulants add to the complexity of fouling. Particulate and organic matter interactions have for 
example been documented to form a combined fouling layer (Jermann et al., 2008; Peldszus et al., 
2011), and calcium ions to cross-link with negatively charged functional groups present in organic 
matter (Alresheedi et al., 2019; Jermann et al., 2008).  
 
Specific analytical tools such as fluorescence excitation emission matrix are complementary to global 
ones (turbidity, organic carbon) since detailed information on foulant contribution can be obtained. 
The understanding of fouling is however not sufficiently complete yet to quantitatively predict 
permeability variations. Global analytical parameters (turbidity, TOC, UV254 nm...) remain widely used 
for real-time monitoring of membrane systems thanks to their ease of measure that can be 
performed on-line. 
3.2.2 Influence of membrane properties  
Membrane properties predominantly investigated in the literature with respect to fouling are 
hydrophobicity, surface charge, surface roughness, pore size and pore distribution.  
 
Hydrophobicity, determined by contact angle measurements, is a measure of adhesive and cohesive 
forces in membrane-water interactions and is as such not a direct measure of membrane-foulant 
interactions. Numerous studies highlight correlations between membrane hydrophobicity and 
fouling propensity, hence its common use as parameter to characterize the influence of membrane 
on fouling (Crozes et al., 1993; Fane & Fell, 1987; Laîné et al., 1989; Nakatsuka et al., 1996). Fane and 
Fell (1987) for example highlight that the greater the contact angle, the greater the flux decline 
during UF of proteins. Similar observations have been reported by Laîné et al. (1989) and Nakatsuka 




et al. (1996) for surface water filtration: hydrophilic membranes (cellulose) showed greater 
permeability and lower flux decline than hydrophobic ones (acrylic, PS, PES). 
 
Surface charge, determined by zeta potential measurements, is also known to influence fouling since 
negatively charged membrane surfaces can limit the adsorption of negatively charged matter by 
electrostatic repulsion (Ulbricht, 2006). Such effects have been observed in particular for humic 
substances (Schäfer et al., 2002), proteins (Rohani & Zydney, 2009) and dissolved salts (Yoon et al., 
2002). Influence of membrane hydrophobicity and surface charge show that matter rejection, and by 
extension fouling, is more complex than a purely size-dependent sieving phenomenon related to 
pore size and pore distribution. Boerlage et al. (2002) have noticed that fouling for PS and 
polyacrylonitrile membranes was independent of MWCO within a 3-100 kDa range. It is believed that 
the formed cake layer acts as a second membrane and lowers the size of retained matter.  
3.2.3 Influence of filtration conditions  
For a given filtered volume, it is commonly reported that permeability declines more sharply as 
filtration flux (Boerlage et al., 2004) or TMP (Crozes et al., 1997) is increased. Varying filtration 
conditions impact on cake compression and cake clogging, whereby changes in cake porosity modify 
specific cake resistance. Efforts have focused on defining the operating range of filtration flux so as to 
control fouling. A critical flux has been defined, applicable to cross-flow configurations for which 
steady state can be achieved (Bacchin et al., 2006). Below such a critical flux, no fouling occurs. In 
dead-end configurations, sustainable flux is more appropriate because fouling inevitably occurs (Field 
& Pearce, 2011). The sustainable flux corresponds to a compromise between capital and operating 
costs, and thus involves both technical and economic factors.         
3.3 CLEANING TECHNIQUES TO REVERSE FOULING 
Fouling can be limited with appropriate filtration conditions but remains inherent to membrane 
systems, all the more in dead-end filtration. Curative measures remain inevitable, the two principal 
ones carried out industrially being backwashing and cleaning-in-place. 
3.3.1 Physical cleaning: backwash (BW) 
Backwashing is the action whereby a reversed flow is pumped from the permeate to the intake side 
of a membrane. The mechanical action of the hydraulic flow results in the partial removal of 
deposited and adsorbed matter on the membrane surface and inside pores, commonly referred to as 
hydraulically reversible fouling (Katsoufidou et al., 2010; Remize et al., 2010).  
 
The medium used for backwashing on drinking water plants is typically permeate water, although 
demineralized water has been investigated in lab- and pilot-scale studies (Li et al., 2009; Li et al., 
2010). In the literature reviewed by Chang et al. (2017), deionized water concerned less than a fifth 
of studies on MF/UF membrane backwashing compared to almost three-quarters for permeate 
water. 
 




Air alone is scarcely used as backwash medium since it requires membranes to have a low bubble 
point and high wettability to hamper and overcome partial drying (Serra et al., 1999). When applied, 
air scouring combined with conventional backwash enhances loosened foulant removal from the 
membrane surface (Bessiere et al., 2009).  
 
Foulant removal can also be improved by chemically enhanced backwashes (CEBs). Low 
concentrations of chlorine-releasing compounds (e.g. NaClO, Cl2) seek to prevent biological fouling 
and microbial proliferation on membranes (Ferrer et al., 2016; Lipp et al., 2003; Teuler et al., 1999). 
Membrane suppliers provide the possibility to carry out alkaline (e.g. NaOH) and acid (e.g. HCl, 
H2SO4, citric acid) CEBs, subject to specific guidelines to avoid precipitate formation and membrane 
ageing. CEBs differ from cleaning-in-place in that frequency, duration, chemical concentration and 
flow direction are adapted for moderate chemical intensity. 
3.3.2 Chemical cleaning: clean-in-place (CIP) 
Cleaning-in-place is the action whereby a chemical solution is pumped in the membrane module 
without displacing it from its rack. Part of the hydraulically irreversible fouling is removed, what 
remains is referred to as chemically irreversible fouling. 
 
The choice of chemical solution depends on the targeted type of foulants (inorganic, organic, micro-
organisms) to be removed and must be compatible with the chemical resistance of the membrane 
module (membrane material, potting compound…). Several common chemicals used in CIPs are 
listed non-exhaustively in Table I.4 alongside their respective mechanism. The complex nature of 
fouling, derived from input water’s complexity, often leads to multi-phase CIPs, each phase involving 
a different chemical solution. A typical CIP can be composed of four phases: alkaline and acid 
cleaning followed by water rinsing and disinfection.   
 
Table I.4 Common CIP chemicals and their respective mechanism for foulant removal (adapted from Regula et al., 2014) 
Type of foulant Chemical Mechanism 
Inorganic matter 
Citric acid  Chelation 
HCl, H2SO4 Solubilization 
Organic matter 
NaOH  
(with or without NaOCl)   
Hydrolysis, solubilization 
(with possible oxidation) 
Micro-organisms NaOCl Oxidation 
 
The physico-chemical mechanisms involved during CIPs may be limited by mass transfer, notably 
within the foulant layer. Recirculation of the chemical solution is coupled with soaking periods to 
minimize mass transfer limitations of chemicals from the bulk solution to the membrane surface. The 
aim is to achieve both efficiency as regards foulant removal and limited productivity decline due to 
module immobilization during cleaning. 




3.3.3 Defining BW and CIP efficiency 
No single definition for BW and CIP efficiency exists in the literature. Chang et al. (2017) list 
indicators for BW performance, which can simplistically be categorized in two groups: permeability- 
and material balance-related indicators. The latter is adapted to laboratory-scale studies. The former 
requires flow and pressure measurements as currently practiced industrially. Indicators based on 
resistance, flow or pressure are analogous to permeability-related indicators in that either flux or 
pressure is kept constant during UF operation. In the literature, BW efficiency is defined in one of 
two ways (see Figure I.6):  
 
- case 1: comparison of performance decline after a BW with a reference state; 








Figure I.7 Two definitions for CIP efficiency 
 
In case 1, no information is given on performance decline during filtration. Independently of 
recovered performance, two BWs have equivalent efficiencies if obtained performance compares to 
the reference state in the same manner. In case 2, the membrane fouling state before backwashing is 
considered. 
 
A similar reasoning applies to CIP efficiency. If a BW is carried out before CIP, performances after 
backwashing (i.e. before CIP) are used to calculate performance decline and recovery (see Figure I.7). 
 
In what follows, the second definition (case 2) of BW and CIP efficiency is taken. 
3.3.4 Influence of BW conditions on BW efficiency 
By definition, BW efficiency depends on the membrane fouling state before backwashing and on 
means implemented during backwashing to modify this state. The influence of filtration conditions, 
membrane and water properties on fouling has been discussed in an earlier section. As regards BW 
means of action, strength and duration are two main parameters characterizing the undertaken 
hydraulic action (Chen et al., 2003; Nakatskuka et al., 1996).  
 
BW strength is expressed as either BW pressure, BW flux, the ratio of BW pressure to filtration 
pressure or BW flux to filtration flux. Nakatsuka et al. (1996) recommend a BW pressure greater than 




twice that of filtration to effectively remove foulants and recover flux. BW strength is considered 
sufficient to overcome adhesive and cohesive forces within the fouling layer and with the membrane. 
An asymptotic-like behavior has however been observed for BW efficiency increase with BW 
strength. This corroborates Kennedy et al.'s (1998) results for very high BW pressures (up to eight 
times greater than filtration pressure): a hydraulically irreversible fouling exists and cannot be 
removed by backwashing.  
 
BW duration is to be sufficient for foulant removal, by cake expansion and loosening for example, 
and foulant evacuation away from modules (Ye et al., 2011). BW efficiency increases with BW 
duration over a given range (Ferrer et al., 2016; Kennedy et al., 1998; Nakatsuka et al., 1996) and a 
similar asymptotic-like behaviour as for BW strength has been observed (Shengji et al., 2008). In any 
case, water consumption during backwashing is to be balanced with the effective gain in BW 
efficiency. Note that BW duration can be converted to BW volume per unit of membrane surface if 
BW water consumption is to be clarified or a comparison under varying operating conditions (e.g. 
input water quality) is to be made.   
3.3.5 Influence of CIP conditions on CIP efficiency  
In accordance with the previously given definition of CIP efficiency, it is impacted by both the 
membrane's fouling state at the start of the CIP and the cleaning sequence's operating conditions. As 
opposed to the importance of hydraulics for BW efficiency, CIP efficiency's main limitation lies in the 
chemistry involved. For chosen chemicals and associated cleaning phases, main operating conditions 
identified in the literature are chemical temperature, chemical concentration and cleaning duration 
(Regula et al., 2014; Shi et al., 2014). As confirmed by Porcelli & Judd's (2010) sensitivity analysis on 
eleven MF and UF plants, relationships between operating conditions and CIP performance are 
complex. 
 
Chemical solutions can be heated above the process operating temperature before being pumped in 
the membrane modules. Expected results are an increase in reaction and diffusion rates, and a shift 
in equilibrium point, notably that of solubilization and chemical reactions. The degree to which 
temperature impacts on CIP efficiency depends on the chemical mechanisms involved. Studies 
suggest that oxidative CIPs are more thermo-responsive than acid or alkaline CIPs for example 
(Corbatón-Báguena et al., 2015; Strugholtz et al., 2005). For drinking water applications, raising 
temperature of chemical solutions is meant for aggressive cleaning and not as first-line cleaning 
option. Thermal resistance of membrane material and other equipments limits the value range of 
temperature and compel to install adequate temperature regulation. 
 
One hypothesis put forward by several studies is the existence of an optimum concentration to 
achieve efficient chemical cleaning (Bird & Bartlett, 2002; Nigam et al., 2008; Väisänen et al., 2002). 
Such optimum has for example been observed for NaOH solutions used to clean UF membranes (in 
regenerated cellulose, PES and polyamide) fouled with whey protein concentrate (Väisänen et al., 




2002). Although not formalized as such, similar findings are observed for cleaning duration (Madaeni 
& Sharifnia, 2000; Makardij et al., 1999). On the one hand, sufficient cleaning time is necessary for 
chemical reactions and solubilization to take place within the fouling layer. On the other hand, it has 
been suggested that prolonged cleaning may lead to a so-called re-fouling phenomenon whereby 
small particles, initially present or formed as a result of large particle dissolution, deposit in pores 
(Bartlett et al., 1995).  
 
Both high concentrations and long cleaning durations can affect membrane integrity over time 
(Rouaix et al., 2006). These two parameters are widely combined in the literature as a product ("c x 
t" parameter) as a measure of chemical intensity (Levitsky et al., 2012). Their individual contribution 
to CIP efficiency becomes indistinguishable, while an important discrepancy may exist between the 
impact of each parameter (Causserand et al., 2015).  
 
3.4 MODELLING UF MEMBRANE SYSTEMS 
3.4.1 Resistance-in-series model and fouling mechanisms 
The resistance-in-series model is commonly applied to Darcy’s law to consider total resistance to 






where J (m3 m-2 s-1) is the filtration flux, ∆P (bar) is the differential pressure across the membrane and 
µ (Pa s) is the fluid’s dynamic viscosity in the porous membrane.  
 
In the absence of retained matter, the total hydraulic resistance Rt is the resistance of the porous 
medium (i.e. the membrane) to the incompressible fluid flowing through its thickness. When matter 
is retained, Rt comprises an additional resistance that accounts for fouling.  
 
Phenomenological models based on fouling mechanisms have been suggested to quantify this 
additional resistance and explain flux decline. Whether it be in the cake filtration or pore blockage 
models, cylindrical and parallel pores of equal size are assumed to make up the membrane (Hermia, 
1982). Another assumption is that matter deposits are incompressible, although certain studies have 
later suggested a relationship between fouling resistance and applied pressure (Gourgues, 1991). 
These fouling mechanisms are however considered to occur at best consecutively but never 
simultaneously; the predominant fouling mechanism is used to mathematically describe variations in 
resistance. The entire complexity of input water quality and its impact on fouling is thus not fully 
taken into account, which often results in discrepancies between experimental and modelled 
variations. Other modelling approaches based, for example, on statistical tools have thus been 
implemented to better describe fouling.   
 




3.4.2 Statistical approach to describe fouling and remediation efficiency 
Neural networks, principal component analysis and multiple linear regressions are among statistical 
tools and techniques that allow to process large datasets and find correlations between parameters.      
 
Neural networks compute non-linear transformations of input to output values after an initial 
learning phase during which internal calculations are developed from a set of experimental values. 
Complex phenomena can be modelled without any physical or phenomenological model. In an 
application of neural networks to a drinking water UF pilot plant, modelling the evolution of TMP 
during more than 100 filtration cycles gave satisfactory results for filtration performances under 
varying input water quality and operating conditions (Delgrange-Vincent et al., 2000).   
 
In drinking water applications, principal component analysis based on fluorescence spectra focuses 
more specifically on identifying significant constituents of input water to membrane fouling (Chen et 
al., 2014; Peiris et al., 2012; Teychene et al., 2018). These studies validate the important influence of 
organic matter (protein-, humic- and fulvic-like substances) and colloidal/particulate matter on 
filtration performances and can be the starting point of further data analysis.  Teychene et al. (2018) 
notably implement multiple linear regressions to irreversible fouling against parameters related to 
organic matter. In a similar methodological manner, Chen et al. (2003) apply multiple linear 
regressions to membrane cleaning efficiencies against BW and CIP conditions after having identified 
relevant parameters by factorial design.  
 
The greatest feature of advanced statistical data analysis is to produce correlations from complex 
phenomena such as membrane fouling. It should however not be forgotten that the prerequisite of 
its application concerns data. A sufficient learning database is for example needed to initialize neural 
networks. Principal component analysis requires in-depth analytical measurements of input water 
that are not monitored at an industrial scale. A statistical approach to describe fouling and 










4 ECODESIGN APPLIED TO MEMBRANE SYSTEMS 
4.1 INTRODUCTION  
For a given product, it is considered that more than 80% of its environmental impact is determined at 
the design phase (European Commission, 2012). Thinking upstream through an ecodesign approach 
can thus prevent or at least mitigate impacts on resource depletion, quality of ecosystems and 
human health. What distinguishes ecodesign is the incorporation of environmental considerations 
alongside conventional ones (technical feasibility, cost, technical performance) with the aim of 
improving the product's environmental performance throughout its whole life cycle. The latter is 
defined as all the "consecutive and interlinked stages [...] from raw material use to final disposal" 
(European Union, 2009). Intermediate stages may include production, packaging, distribution, use 
and maintenance. The main interest of such a life cycle thinking approach is to avoid the shifting of 
burdens, that is, environmental issues are not transferred from one stage to another.  
 
One well-established environmental assessment tool is Life Cycle Assessment (LCA), defined as “the 
compilation and evaluation of the input, output and the potential environmental impacts of a 
product system throughout its life cycle” (ISO, 2006). The international standardization of LCA’s 
methodological framework has helped enhance its recognition in the scientific community. As agreed 
upon, LCA methodology is performed following four interdependent phases: 
 
I. 
Goal and scope 
definition 
The purpose and objective are first stated along with the overall context and 
public for which the study is intended. Technical information is given on the 
functional unit, system boundaries, assumptions and limitations. The 
functional unit quantifies the function that is delivered by the system (i.e. a 
reference material, a service) and serves as a reference for comparison with 
other systems. System boundaries can encompass the entire life cycle (i.e. 
cradle-to-grave assessment) or only part of it (i.e. cradle-to-gate, gate-to-




The Life Cycle Inventory (LCI) lists and quantifies all material and energy 
flows from and to the environment (i.e. elementary flows) related to the 
functional unit. Needed data can be collected from inventory databases such 
as ecoinvent, industrial sources, literature, by calculation, measurement, 




Inputs and outputs previously identified are transformed into potential 
environmental impacts with Life Cycle Impact Assessment (LCIA) 
methodologies (e.g. ReCiPe, Impact2002+). Methodology-specific 
characterization factors are used to calculate the contribution to various 
impact categories, which can either be problem oriented (i.e. midpoint) or 








The goal, scope, data and results of the previous three phases are reviewed 
and, if necessary, revised according to quality, completeness, transparency 
or even uncertainty considerations. Recommendations and improvement 
strategies are suggested on the basis of conclusions drawn from LCI and LCIA 
results.  
 
LCA is a powerful tool for detailed environmental evaluation provided high quantity and quality data 
is available on the whole life cycle (Finnveden et al., 2009; Rossi et al., 2016). Bias may also occur due 
to choices made during the first phase (functional unit, system boundaries…) or as regards LCIA 
methodology. Significant literature exists on current LCA practices, applications, challenges to face 
and most importantly past and ongoing developments to further improve LCA reliability and 
robustness (Guinee et al., 2010; Manfredi et al., 2015).  
 
LCA has notably evolved from being applied to product systems towards its integration into the 
process industry. Significant accomplishments in this field and examples of case studies are given in 
Jacquemin et al.’s (2012) review. One of them concerns the water industry. Before discussing the 
mentioned case study in the following section, life cycle applied to membrane systems such as 
conceived in this work should be detailed first.  
 
Figure I.8 summarizes the life cycle stages of a drinking water plant with a membrane-based 
treatment. Components of the plant first need to be fabricated: raw materials are extracted, 
transported and transformed into membrane modules, racks, construction materials… The drinking 
water plant is constructed and systems, including the membrane system, are installed for further 
use. A commissioning phase precedes the actual operation of installed equipment, which may be 
discontinued for maintenance. The plant is decommissioned once it reaches its end of life: 
components may be recycled into new objects, reused or disposed of. Each component has its own 
lifespan and their respective fate can be anticipated accordingly. Consideration can for example be 
given during design to reuse racks when membrane modules are replaced. 





Figure I.8 Life cycle of a membrane-based drinking water plant 
4.2 TOWARDS SUSTAINABLE UF WATER TREATMENT PROCESSES 
4.2.1 UF membranes in LCA studies 
The life cycle of UF membranes for drinking water applications is considered in a limited number of 
LCA studies, most of which are focused on their use within a treatment process chain that is 
compared to a conventional treatment process. Friedrich (2002) provides a noteworthy example by 
comparing an operating conventional process and a virtual sand filtration/UF/chlorination process, 
whose design is based on a pilot unit. Comparison in a South African context shows that the 
membrane-based process performs better for five out of eight impact categories, albeit with impacts 
in the same order of magnitude as the conventional process.  
 
Igos et al. (2014) carried out an analysis of two drinking water treatment plants at a unit process 
level. In both case studies, UF offers advanced treatment downstream a conventional coagulation-
based process. Electricity generation and activated carbon production have been identified as the 
two most impactful processes on single score results (23-50% and 13-31% respectively). Extraction 
pumping, UF and distribution are the main electricity-intensive unit processes. UF contribution to 
toxicity impact remains relatively low (up to 11%).  
 
Other examples of LCA studies on drinking water integrate UF as nanofiltration (NF) or RO 
pretreatment (Godskesen et al., 2013; Ribera et al., 2014), end-of-life option for RO membranes 
(Lawler et al., 2015) or coupled with biological treatment and forward membrane processes for reuse 
purposes (Holloway et al., 2016).  
 
In what follows, LCA studies applicable to drinking water are extended to include all pressure-driven 
membrane systems (MF, UF, NF, RO). The aim is not to extrapolate results concerning a specific 
membrane system to draw conclusions on another but rather highlight main findings.   
 




4.2.2 Main contributors to environmental impacts 
Compared to the construction and decommissioning of drinking water plants, the operation phase is 
cited as the greatest contributor to environmental impacts. Operation of the membrane-based 
process in Friedrich's (2001, 2002) study accounts for between 75 and 99% of impacts, depending on 
the considered impact category and scenario. The contribution of construction is an order of 
magnitude above that of decommissioning. Similar results are found by Bonton et al. (2012) for an 
operating NF plant: operation impacts 3 to 9 times more than construction, and decommissioning 
impacts are negligible. These results provide key arguments to neglect decommissioning in LCA 
studies and focus on the operation phase (Vince et al., 2008).   
 
Biswas (2009) focuses on the operation phase of water desalination in Australia to calculate 
greenhouse gas emissions. 92% originated from electricity generation for extraction pumping, MF 
and RO operation, and water delivery. Chemical production as second contributor accounted for 7% 
of emissions. Other LCA studies on desalination point out this high energy demand (Raluy et al., 
2005a, 2005b; Tarnarcki et al., 2012). The same finding is presented by Beery et al. (2012) when 
studying UF as RO pretreatment; electricity consumption for sea extraction pumping and dead-end 
UF is the greatest contributor to the carbon footprint.   
 
Tangsubkul et al. (2006) differentiate between total energy consumption and apparent operating 
energy as regards membranes. The latter is energy consumed on-site and is found to underestimate 
the former, which encompasses energy for both manufacturing and operating. Although not 
specified, total energy should also include energy for end-of-life options. Anyhow, Tangsubkul et al. 
(2006) stress the importance of total energy consumption as indicator for the process energy 
requirement. It implies that the manufacture of equipment used in the drinking water plant be 
detailed and included in the inventory, which is rarely the case for the key equipment in membrane-
based processes: the membrane module.   
4.2.3 Incomplete study of module fabrication 
In Zhou et al.'s (2013) review, the listed membrane material flows included in LCA studies on 
desalination indicate incomplete, if not a lack of, consideration of module fabrication. Hancock et al. 
(2012) and Tarnacki et al. (2012) inventoried the greatest number of module components 
(membrane material and housing, spacer, collection tube, adhesive). Both inventories are limited to 
the manufacture of the components' material. Energy or solvent used during the manufacture of 
membrane modules are for example omitted. Impacts due to their production and use have however 
shown to be greater than those related to membrane material (Manda et al., 2014). It is thus 
believed that such incompleteness in system boundary can only underestimate the environmental 
impact of module fabrication.  
 
Tangsubkul et al.'s (2006) analysis of a MF process used for secondary effluent filtration should be 
therefore qualified. It is brought out that membrane manufacturing has a significant impact 
compared to membrane operation only for low fluxes. Membrane manufacturing could potentially 




become significant over a larger range of operating conditions if energy and solvent use were to be 
considered. Note should be taken that the originality of the study lies in the variable operating 
conditions; their influence on environmental performance has been evaluated.  
4.2.4 Need for studies with variable operating conditions 
LCA studies on membrane-based drinking water treatment production are predominantly carried out 
under fixed site-specific operating conditions. Certain studies consider scenarios with variable 
operating conditions but with limited values. For example, Friedrich (2002) defines scenarios 
according to three design parameters (i.e. membrane filtration flux, module length and number of 
modules per rack), each of which can have two different values. Scenarios in Tarnacki et al.'s (2012) 
work vary depending on salinity of feed water, plant location and energy source required for 
desalination. For the three different feed water salinities, the related range of values for energy 
demand is based on the literature.   
 
Tangsubkul et al.'s (2006) study differs from others in so far that operating conditions are considered 
as levers of action for environmental mitigation. Ten different imposed filtration fluxes and two 
maximum TMPs are investigated through twenty scenarios. BWs start when the maximum TMP is 
reached during filtration. Three chemical cleaning options are studied: CIPs initiate either at a fixed 
frequency, fixed filtered volume or at a frequency calculated according to the imposed filtration flux. 
The number of modules derives from the net flux and maximum TMP. Feedwater quality remains 
constant from one scenario to another. It is found that overall environmental impacts are the lowest 
for low filtration fluxes and high maximum TMP. In that case, the sensitivity analysis points out that 
every impact category is sensitive (up to 18%) to the chosen chemical cleaning option. For high 
fluxes, electricity usage during operation is largely dominant (up to 99%).  
 
Vince et al. (2008) go beyond scenarios and have developed black-box models for drinking water unit 
operations to calculate the LCI and output water characteristics from three types of input 
parameters: equipment design (e.g. type of membrane), local conditions (e.g. energy supply, plant 
location) and feed water characteristics (quality, flow rate). Unfortunately, no further detail is given 
on model functions or the specific influence of operating conditions.   
 
Details are given in Mery et al.'s (2014) paper on a tool that couples LCA and process modelling and is 
applied to the ecodesign of drinking water plants. The tool is based on parameterized models of unit 
operations. These parameters include design facts, equipment sizing and operating conditions. 
Performances of a given treatment process chain are determined in environmental and economic 
terms and attributed to unit operations. Another aspect allowing for ecodesign is the sensitivity 
analysis method integrated to the tool: influential parameters affecting performances are identified. 
Alternative treatment process chains and operating conditions can be tested and compared to the 
reference situation so as to find an optimal solution. The ecodesign tool has been validated for and 




applied to conventional drinking water treatment unit operations. Developing parameterized models 
for membrane-based unit operations is a logical follow-up.  
4.3 CONCLUSION 
The literature review has underscored the lack of ecodesign approach applied to membrane-based 
drinking water treatment processes, be it for UF or other pressure-driven membrane systems. 
Environmental performances are evaluated in LCA studies for drinking water plants that have already 
been designed or are in operation, and as such are not criteria taken into account during the actual 
plant design. Conducting such studies with fixed operating conditions and incomplete system 
boundaries further limits the understanding of the environmental footprint of membrane systems.   
  




5 STUDY OBJECTIVES AND METHODOLOGY  
 
The state of the art illustrates that there is no actual ecodesign approach suggested for membrane-
based processes, in particular as regards drinking water production, and research efforts exist in 
independent silos: sustainable UF membrane fabrication focuses on solvent and polymer 
substitution, and environmental evaluations are performed on existing drinking water plants. Very 
few studies consider membranes’ entire life cycles or the impact of operating conditions in the 
associated processes. These shortcomings in the literature raise several scientific questions, among 
which this work endeavours to answer: 
 
- Is an ecodesign approach for membrane-based drinking water treatment processes feasible 
and what bottlenecks exist that may prevent its implementation? 
 
- How do the various life cycle stages and operating conditions of the studied processes 
contribute to environmental impacts?  
 
- What are possible improvement strategies for environmental mitigation and to what extent do 
the adopted strategies represent an improvement? 
 
Based on industrial practices, the investigated membranes are hollow fibres fabricated by NIPS and 
operated inside-out under dead-end mode. The study is oriented towards two general scientific 
objectives: 
 
- Provide understanding of membrane environmental footprint: the dynamic nature of processes 
is to be explored by considering the influence of operating conditions;  
 
- Suggest and implement relevant innovative solutions for the mitigation of environmental 
impacts, in particular as regards two key membrane life cycle stages: fabrication and operation.  
 
The state of the art has highlighted scientific challenges related to complex cause-effect relationships 
(see Figure I.9) between: 
- Polymer solution characteristics, fabrication operating conditions and membrane final 
properties, including its fouling propensity;   
- Water quality, UF operating conditions and membrane properties such as its fouling state. 
 





Figure I.9 Interlinked cause-effect relationships during membrane fabrication and UF 
 
Given this complexity and in order to model membrane environmental performances, relevant 
operating conditions and parameters that characterize the influence of polymer solution properties 
and input water quality first need to be identified. Their respective influence and potential as lever 
for action can be evaluated thereafter.  
 
The proposed research methodology to face these challenges is a multiphase eco-design approach in 
which the two above objectives are embedded: 
 
I. Define the system. 
II. Carry out an environmental evaluation of the reference situation. 
III. Suggest improvement strategies. 
IV. Implement the selected strategies. 
V. Carry out a comparative environmental evaluation. 
VI. Review and provide recommendations.  
 
Set out in the manuscript is the chronological sequence of the adopted eco-design approach.  
 
The object of study and its corresponding system have been defined above and result from the 
bibliographic analysis in Chapter I. 
 
Chapter II details the parameterized models of membrane fabrication and operation that are 
prerequisites for the identification of operating conditions as environmental hotspots.  
 
LCA-based environmental assessments of the reference fabrication and operation situations are 
carried out in Chapter III. This implies defining a reference membrane. Such a reference is relevant if 
it corresponds to an industrial reality and is in line with the study’s environmental considerations. CA 
membranes fulfill these two requirements. CA membranes have been used for water potabilization 
since the late 1980s and still operate in current drinking water plants. Using such a hydrophilic 
material is an intended and informed bias in favour of fouling mitigation as opposed to remedial 
cleaning measures applied to more chemically resistant petrochemical-based membranes. 
 




Chapter IV elaborates on the fabrication of biosourced membranes as a feasible improvement 
strategy. A methodological framework is suggested and applied to solvent substitution in the 
preparation of UF CA membranes. 
 
The biosourced membranes are compared to the reference in Chapter V, which serves as basis for 
















1 Modelling hollow fibre and module fabrication 37 
1.1 Module in the model 37 
1.2 Process in the model 38 
1.3 Model assumptions 42 
1.3.1 General assumptions 43 
1.3.2 Assumptions for material balance 43 
1.3.3 Assumptions for energy balance 44 
2 Modelling membrane operation 48 
2.1 Model framework 48 
2.1.1 Input water category and associated thresholds 50 
2.1.2 Relative permeability variations 51 
2.1.3 Module operating life subject to end-of-life conditions 54 
2.1.4 Number of modules and blocks 55 
2.1.5 Piping and fluid circulation 56 
2.2 Model regression functions 62 
2.2.1 Fouling rate 62 
2.2.2 BW efficiency 64 
2.2.3 CIP efficiency 66 
2.3 Model simplifications 67 
2.3.1 Non-stop operation 67 
2.3.2 Constant parameters over time 68 
2.3.3 Identical modules 68 
2.3.4 Neglected linear head loss 68 
2.3.5 Neglected BW and CIP chemical injection 69 
2.4 Determination of regression function coefficients 69 
2.5 Model calculations 71 
2.6 Model initialization 72 
2.6.1 Scenario A-0 72 
2.6.2 Scenario A-1 75 




Two parameterized models have been developed for membrane fabrication and operation in order 
to calculate the inventory of consumptions and waste as a function of operating conditions. The 
models and their underlying assumptions are given in this chapter.  
 
1 MODELLING HOLLOW FIBRE AND MODULE FABRICATION 
 
In a first and second section, the membrane module considered in the model is described followed 
by the actual membrane module fabrication process. In a third section, the model framework is 
detailed along with assumptions taken.  
 
1.1 MODULE IN THE MODEL 
Membrane modules vary from one industrial membrane manufacturer to another and several 
variants can be available for a given manufacturer. The module considered in this work  is composed 
of a membrane housing inside which hollow fibres are maintained on both ends by adhesive, and 
auxiliary equipment (end caps, venting plugs, flang) (see Figure II.1). Module ends are kept 
waterproof with the adhesive and may be connected to pipes with end caps and venting plugs. The 







Figure II.1 Side view of a module’s (a) outside and (b) inside 
 
Hollow fibres are assembled in bundles inside the module. Two examples are given in Figure II.2. A 
grid surrounds each bundle to maintain distance between hollow fibres and guarantee hydraulic 
distribution within the module during UF.  
 





Figure II.2 Top view of a module’s inside 
 
1.2 PROCESS IN THE MODEL 
The membrane module fabrication process is a sequence of unit operations that can be divided into 
main steps (see Figure II.3). 
 
Figure II.3 Hollow fibre and module fabrication − Steps and corresponding unit operations 
 
Modules are fabricated step by step over several workstations (see Figure II.5 and Figure II.6). Only 
the five unit operations associated with the spinning chain are operated in a continuous mode: 
extrusion, coagulation, rinsing, pre-conditioning and bundling. Other unit operations are operated in 
a discontinuous mode. The Gantt diagram for membrane fabrication with one polymer solution in 
Figure II.4 illustrates the sequence of these unit operations and their respective approximate 
durations.  
 
Figure II.4 Hollow fibre and module fabrication − Gantt diagram for one polymer solution 
 
 




- Solution preparation: The solvent and additive are added and heated in a jacketed mixing vessel 
(R-101). The polymer is added once additive dissolution is complete. The vessel is cooled during 
polymer solution mixing to compensate for mechanical energy dissipation of stirring. The 
resulting homogeneous polymer solution is filtered through a bag filter (F-101) to remove any 
macro-waste or undissolved polymer and degassed in a jacketed vessel (R-102) under vacuum at 
a constant temperature. The bore liquid is also mixed (R-103), heated and degassed at a 
regulated temperature (R-104).  
 
- Hollow fibre preparation: The polymer solution is extruded through a tube-in-orifice spinneret 
(SP-101) in a coagulation bath (T-101) filled with a non-solvent kept at a constant temperature. 
The bore liquid is also pumped through it to maintain the hollow structure of the fibre. The 
polymer solution separates into two phases when immersed in the non-solvent: a polymer-rich 
phase which solidifies into the membrane structure and a polymer-lean phase, which is washed 
away and gives the pores. The polymer-lean phase (solvent, additive and bore liquid) mixes with 
the non-solvent and are either recycled or discharged in the sewage network. The hollow fibre is 
driven along the spinning chain into the rinsing bath (T-103) and pre-conditioning bath (T-104) 
where it is sprayed, respectively, with rinsing water and a viscous pre-conditioning liquid at a 
controlled temperature.  
 
- Module preparation: The hollow fibre wound with a mechanical arm (A-101) is assembled into 
bundles for good hydraulic profile inside the module during UF. To ensure effective chemical 
adhesion the fibre lumen is dried by passing compressed air through it. The removed liquid is 
collected in a tank (T-106). Fibre bundles are contained in grids and placed within a membrane 
housing. A multi-component pre-adhesive is injected at both module ends with a mixing nozzle 
(M-101). A multi-component adhesive is then injected on top of the pre-adhesive layer. During 
cutting the entire pre-adhesive layer is removed with a jigsaw (SW-101). The adhesive and hollow 
fibres beyond the module ends are also cut. Hollow fibres are consequently open at both 
extremities.  





Figure II.5 Hollow fibre fabrication − Flowsheet (solution and hollow fibre preparation) 








Figure II.6 Module fabrication − Flowsheet: (a) drying, (b) glueing, (c) cutting, (d) hydraulic testing and (e) conditioning 
 
  





- Testing: The intactness of hollow fibres in a module is checked by integrity testing. Pressure hold 
tests and bubble tests are two examples of such testing. In both tests air is applied to one of the 
fibres' side (intake or permeate side) at a pressure below the bubble point. During pressure hold 
tests valves are closed to isolate the module and the pressure on the fibres' other side is 
measured. Pressure can slightly drop with air diffusing in the fluid inside the membrane pores. 
There is a leak if the pressure drops substantially. During bubble tests there is a leak if bubbles 
appear on the fibres' other side. Leaks can for example come from a defective fibre. Filling both 
fibre ends with adhesive condemns it. The next step is rinsing with water to remove the pre-
conditioning liquid inside pores. Permeability is measured during hydraulic testing. Fibres inside 
the module are put to waste with the adhesive if permeability specifications are unmet. The 
membrane housing is recycled. Fibre samples are collected before bundling and tested for quality 
control (permeability, fibre diameter and tensile force measurements). 
 
- Shipment preparation: The module is filled up with a chemical solution to avoid membranes 
from drying out and to hamper bacterial growth during transportation and storage before 
operation in a drinking water plant. Module ends are protected and sealed by end caps and 
venting plugs. A flang is added.  
 
1.3 MODEL ASSUMPTIONS 
Material and energy consumptions are deduced for each unit operation from material and energy 
balances carried out with model input parameters (operating conditions, engineering design facts, 
technical constraints and fluid properties), as shown in Figure II.7. 
 
 
Figure II.7 Inputs and outputs of an unit operation model 
 
Assumptions are detailed in this section. For sake of clarity equations specific to each unit operation 
are given in Appendix II−1. 
  




1.3.1 General assumptions 
The membrane fabrication process is modelled as a batch process: material and energy 
consumptions are calculated for one polymer solution batch. Consumptions are then reported per m2 
of hollow fibre. The production capacity (i.e. number of modules fabricated per polymer solution 
batch) is calculated from two parameters determined on the basis of a weekly production: number of 
polymer solution batches per week and number of modules fabricated per week. The production 
capacity is thus not fixed and allows for a generic model.  
 
Consecutive batches without downtime are considered, which implies the continuous operation of 
the spinning chain. For a given batch the coagulation, rinsing and pre-conditioning tanks are already 
filled with the respective liquids at the desired temperature.    
1.3.2 Assumptions for material balance 
Polymer solution and bore liquid preparation 
Hollow fibres are composed solely of polymer material. The polymer along with the additive and 
solvent material inputs can be determined with, among other model input parameters, the module 
production capacity.  
 
One bore liquid batch is considered per polymer solution batch. 
Coagulation, rinsing and pre-conditioning 
The coagulation, rinsing and pre-conditioning tanks are modelled as continuous stirred tanks. Ideal 
mixing is assumed, which means constant temperature and density in the tanks including in the 
hollow fibre pores and lumen.  
 
No pore contraction or expansion is taken into account: the volume of pores and fibre lumens 
remains unchanged and filled with liquid along the spinning process. The volume of pores is 
estimated to the volume of solvent at coagulation temperature. 
Drying, cutting, hydraulic testing and conditioning 
During drying, the inside of fibre lumens is completely emptied. Pores remain filled with the pre-
conditioning liquid. 
 
During cutting, liquid inside pores of reject hollow fibres goes to waste with hollow fibres.  
 
Darcy’s law, applicable to incompressible fluids, is applied to determine water consumed during 
hydraulic testing.  
 




After hydraulic testing, hollow fibres of defective modules go to waste along with the adhesive and 
liquid included inside pores and lumens. Membrane housings and auxiliary equipment (end caps, 
venting plugs, flang) are recycled and used for non-defective modules. 
 
During conditioning, the void volume between hollow fibres is filled with conditioning liquid. Pores 
and fibre lumens are filled with water from hydraulic testing.  
Other unit operations 
Integrity testing and quality control are neglected in material balances because material 
consumption is near zero. Only compressed air is consumed for integrity testing. A negligible hollow 
fibre length compared to the total produced length is sampled for quality control. 
1.3.3 Assumptions for energy balance 
Stirring: polymer solution and bore liquid preparation 
The strategy for scale-up is keeping power density dissipated by the stirrer 	
 constant (Kresta 
et al., 2015). Energy consumption of stirring (Estirring) is calculated with 

	
  and the stirrer efficiency 
(ɳstirrer): 
E = PV ∙
Vη  (II.1) 
 
Pstirring can either be measured or calculated with flow-regime-dependent relationships: 
- Laminar flow regime 




- Turbulent flow regime  
P = Np ∙ ρ ∙ N" ∙ ϕ%  (II.3) 
 
where  
k is the proportionality constant in laminar flow regime, 
µ is the stirred fluid’s viscosity,  
N is the stirring rate,  
φstirrer is the stirrer diameter,  
Np is the power number in turbulent flow regime,  
ρ is the stirred fluid’s density. 
  




Pumping: extrusion, coagulation, rinsing, pre-conditioning and hydraulic testing 
Energy consumption of pumping (Epumping) is calculated either with the pump’s differential pressure 
(ΔP) or total manometric head (Δh) which both take minor and linear head loss into account: 
 
E&'(& = V&'(& 	 ∙ 	∆Pη&'(&  (II.4) 
 
E&'(& = m&'(& 	 ∙ 	g	 ∙ 	∆hη&'(&  (II.5) 
 
where  
Vpumped is the pumped volume,  
ɳpump is the pump’s efficiency,  
mpumped is the pumped mass,  
g is the gravitational acceleration. 
 
Heating: polymer solution and bore liquid preparation 
The enthalpy of mixing is negligible (order of magnitude 10-3 kWh per kg of polymer (Brandrup et al., 
1999) compared to energy needed to heat or cool fluids at the desired temperature and is thus 
neglected.  
Mechanical energy from stirring is entirely dissipated and heats the stirred fluid. 
 
The net energy (Eheating) needed to bring a fluid at the desired temperature is calculated with the 
liquid's specific heat capacity (Cp) and stirring energy effectively dissipated (Estirring . ɳstirrer): 
 
E./ = m./ ∙ Cp ∙ 1T3/4 5 T/46 5 E ∙ η (II.6) 
 
where 
mheated is the heated mass, 
Tfinal is the fluid’s final temperature, 
Tinitial is the fluid’s initial temperature. 
 
Energy (Eheating) is also required to maintain constant temperature of polymer solution and bore liquid 
during their respective degassing:  
 
E./ = U ∙ S ∙ 1T34' 5 T/6 ∙ t/ (II.7) 
 
  





U is the gobal heat transfer coefficient, 
S is the exchange surface, 
Tfluid is the fluid’s temperature (i.e. polymer solution, bore liquid), 
Tair is the air’s temperature, 
tdegas is the degassing duration. 
 
The global heat transfer coefficient (U) considers conduction through the concerned vessel wall's 
thickness and convection on the outside of the vessel, weighted by the heat exchange surfaces 
involved. A standard Rushton vessel (i.e. vessel diameter equal to the liquid’s height in the vessel) is 
considered to calculate the exchange surface (S): 
 
 






xvessel is the vessel wall’s thickness, 
λjacket is the vessel jacket’s thermal conductivity, 
Slog mean,vessel is the logarithmic mean difference between the vessel’s outer and inner surfaces, 
hair is the convective heat transfer coefficient for air, 
Souter is the vessel’s outer surface. 
 
Heating: coagulation, rinsing and pre-conditioning 
The energy needed to bring a fluid at the desired temperature (Eheating) is calculated with its specific 
heat capacity (Cp): 
 
E./ = m./ ∙ Cp ∙ 1T3/4 5 T/46 (II.9) 
 
where 
mheated is the heated mass, 
Tfinal is the fluid’s final temperature, 
Tinitial is the fluid’s initial temperature. 
 
There is no stirring in the three continuous unit operations. Fluid recirculation ensures homogeneous 
temperature in the concerned tanks. 
 
  




Heat loss: polymer solution and bore liquid preparation, coagulation, rinsing and pre-
conditioning 
Heat loss is considered for both discontinuous and continuous unit operations (Eheat loss,discontinuous and 
Eheat loss,continuous respectively) with separate global thermal transfer efficiencies (ɳthermal,discontinuous and 
ɳthermal,continuous respectively). Discontinuous unit operations consist of polymer solution and bore 
liquid preparation, and spinning. Continuous unit operations are coagulation, rinsing and pre-
conditioning.    
 
E./	4B,@B'B' = F1 5 η.(/4,@B'B'Gη.(/4,@B'B' ∙ E@=	HI	34' (II.10) 
 
E./	4B,@B'B' = F1 5 η.(/4,@B'B'Gη.(/4,@B'B' ∙ E@=	HI	34' (II.11) 
 
where 
Ereceived by fluid is the total energy received by the fluid. 
 
Calculation details and values of ɳthermal,discontinuous and ɳthermal,discontinuous are given in Appendix II-3. 
Specific sizing of equipment and heat transfer coefficients would be necessary if more precise heat 
loss quantification were desired. 
Other unit operations 
Energy consumptions of specific units (i.e. bundling, drying, glueing, cutting) are not modelled. 
Industrial values of machine power consumptions are taken if available. 
 
Integrity testing and quality control are neglected in energy balances because energy consumption is 
near zero. Only air compression is necessary for integrity testing.  
  




2 MODELLING MEMBRANE OPERATION 
 
The objective of the developed model is to compare the environmental impacts of different 
membrane operating conditions. For a given output flow rate for example, is it less impacting to 
operate membranes in an intensive manner with higher fluxes and fewer number of modules, or the 
opposite (i.e. lower flux with a higher number of modules)? There is no straightforward answer 
because membrane operating parameters are interlinked with one another. Changing one operating 
parameter influences several others without any proportionality relationship with energy and 
material consumptions.  
 
2.1 MODEL FRAMEWORK 
The model is valid for a membrane unit in a dead-end configuration with a defined daily output 
water flow rate. The latter is defined as the average daily output flow rate and accounts for 
permeate loss during BWs and CIPs. The model considers membrane operation under stable state, 
once the initial start-up phase of the membrane unit is over. Membrane manufacturers observe that 
permeability falls from an initial value (e.g. ultra-pure water permeability Lp0) to a lower and more 
stable value (e.g. Lp1,1,1). The decline from Lp0 to Lp1,1,1 is depicted in Figure II.8.  
 
Figure II.8 Permeability decline during the membrane unit’s initial start-up 
 
 The developed model is intended as a tool to study the effect on consumptions and waste of three 
main types of parameters: 
- Operating conditions (e.g. filtration flux, BW flux); 
- Membrane material; 
- Input water quality.  
For a given dataset, processing of consumptions and waste also allows to identify the impact of 
separate operating stages (i.e. filtration, BW, CIP). 
 




Model- and user-defined parameters are inserted for calculation of consumptions and waste (see 
Figure II.9). Model-defined parameters are specific to a given membrane material and can thus be 
valid for different membrane facilities. Examples are threshold operating conditions (e.g. maximum 
filtration flux). User-defined parameters are specific to the considered membrane facility such as 
operating conditions and piping system parameters.  
 
 
Figure II.9 Simplified model framework 
 
As the model is explained in this section, model- and user-defined parameters shall be presented 
category by category and summarized in tables. The complete lists of both model- and user-defined 
parameters are found in Appendix II–4.   
 
Table II.1 summarizes user-defined parameters for the following categories: output flow rate and 
module characteristics. For example, the daily output water flow rate as discussed previously is 
indexed under the programming name Specification_Output_Flow_Rate and expressed in m3 day-1. 
The model user also defines parameters as regards the UF modules. The membrane surface 
effectively available per module for filtration is named Module_Surface. The volume inside a module 
that can be filled up by a liquid, named Module_Void_Volume, excludes the volume taken up by the 
membrane housing, adhesive and polymer material of hollow fibres. The membrane permeability at 
the end of the initial start-up phase and at the beginning of the stable state is taken for 
Permeability_After_Initial_Decline (i.e. Lp1,1,1 in Figure II.8).   
 




Category Programming name Unit 
Output flow rate 
 






 Permeability_After_Initial_Decline L h-1 m-2 bar-1 at 20°C 




As shown in the detailed model framework in Figure II.10, model- and user-defined parameters are 
necessary in every calculation step for consumptions and waste. In the following sections, each step 
is explained in the same chronological order as in the calculation sequence:  
- Input water category and associated thresholds: recommended thresholds that depend on the 
input water quality set limits on filtration flux and cycle durations to ensure proper functioning of 
the UF unit; 
- Relative permeability variations: relative permeability not only indicates the necessary pumping 
energy for UF but also frequencies of cleaning sequences. Variations are determined with 
regression functions for the fouling rate during filtration and efficiencies of cleaning sequences;   
- Module operating life: modules operate for a limited time (i.e. operating life) and is determined 
according to defined end-of-life conditions; 
- Number of modules and blocks: modules are grouped in sets and the resulting piping system 
influences on, for example, chemical consumptions during cleaning sequences or pumping 
consumptions;  
- Piping system and fluid circulation: the configuration and characteristics of pipes influence, 
among other things, on the pressure to apply. 
 
 
Figure II.10 Detailed model framework 
2.1.1 Input water category and associated thresholds 
Two user-defined parameters are considered to characterize input water quality: turbidity and TOC. 
Both are average values during the membrane facility’s operating life, which provides the advantage 
in a first approach to smooth the effect of temporary variations such as those resulting from heavy 
rainfall. Their associated user-defined parameters are given in Table II.2. 
 




Table II.2 User-defined parameters − Input water quality 
 
Input water is then categorized based on these average values of turbidity and TOC: category 0 
corresponds to high-quality input water with low levels of turbidity and TOC, whereas category 3 
corresponds to low-quality input water with high turbidity and TOC values. The aim of such 
categorization is to limit fouling by adapting UF operating parameters to input water quality. Three 
thresholds are defined for each input water category: 
- maximum filtration flux, 
- maximum duration between two BWs and 
- maximum duration between two CIPs.  
Their respective programming names are given in Table II.3. 
 
Table II.3 Model-defined parameters − Threshold operating conditions 
Category Programming name Unit 
Threshold operating 
conditions 




Such categorization methods have been developed by operators of drinking water plants. Turbidity 
and TOC value ranges as well as thresholds for each input water category can be found in the 
literature (see Appendix II─5).  
 
2.1.2 Relative permeability variations 
In order to calculate consumptions and waste, the model is based on the determination of relative 
permeability variations during the modules' operating life. Relative permeability compares 
permeability at any given time to Lp1,1,1 (see Figure II.8). The latter varies from one module to 
another and from one membrane material to another, thus making it difficult to compare absolute 
permeability values of different modules with one another. Relative permeability allows this 
comparison to be made.  
Variations according to three operating modes 
Three operating modes are modelled: filtration, BW and CIP. They make up successive operating 
cycles, defined as the alternation of filtration and BW cycles concluded by a CIP cycle (see Figure 
II.11). It should be noted that a filtration cycle is always followed by a BW cycle. 
Category Programming name Unit 
Input water quality 
Input_Water_Turbidity NTU 
Input_Water_TOC g L-1 





Figure II.11 Operating cycle composed of a sequence of filtration (F) and BW cycles, and one CIP cycle 
 
Other operating modes, planned or unexpected, exist. Planned operating modes needing short-term 
shutdowns of the membrane unit can be due to module integrity testing or workers’ rest time. 
During integrity testing, chemical consumption (i.e. glue to fill detected broken fibres) is negligible 
and energy consumption low (i.e. air compression for air pressure tests) (Brehant et al., 2009).  
With respect to unexpected events, they are by definition isolated with an unpredictable and low 
frequency. An example is a major breakdown of the membrane unit thereby needing extensive 
maintenance. For such long-term shutdowns modules are filled with sodium bisulphite in order to 
delay microbial development. The exceptional character of this type of event makes chemical 
consumption per unit of produced water negligible (Laîné et al., 2000). The only impact of neglecting 
such planned or unexpected operating modes is to underestimate a module’s lifespan. A correction 
factor could be applied to the calculated lifespan to have the actual value.     
 
In the model, relative permeability variations are considered for filtration, BW and CIP only. During a 
filtration cycle, fouling occurs and relative permeability declines as permeate volume increases. 
During a BW cycle, the relative permeability decline between the beginning and end of the preceding 
filtration cycle is partially recovered. After a certain number of filtration and BW cycles, a CIP cycle 
occurs: the relative permeability decline between the start of the ongoing operating cycle and the 
start of the CIP cycle is partially recovered during cleaning-in-place. No permeate volume is produced 
during BWs nor CIPs.  
Whereas Figure II.12 illustrates variations of relative permeability over permeate volume per unit 
surface during one single operating cycle, Figure II.13 shows the same variations over several 
operating cycles making up a module's operating life. Both figures are schematic representations 
with the assumption that relative permeability decline and recovery are constant during a module's 
operating life. 
 





Figure II.12 Permeability variations during an operating cycle 
 
Figure II.13 Permeability variations during a module’s operating life 
Regression functions 
Relative permeability variations are determined via defined parameters and three regression 
functions that predict: 
- fouling rate during a filtration cycle; 
- efficiency of a BW cycle; 
- efficiency of a CIP cycle. 
Explanations of these three fundamental model parameters are found in section “2.2 Model 
regression functions”.  
 Start of cleaning sequences subject to conditions 
A BW or CIP cycle starts when either a defined duration is over (i.e. filtration or operating cycle 
duration respectively) or a defined relative permeability decline is reached (i.e. during a filtration or 
operating cycle respectively). In any case, filtration and operating cycle durations must be smaller or 
equal to the maximum durations associated to the input water quality category. If this is not the 
case, the default durations are the maximum values (see Table II.4).  
  





Table II.4 Start of cleaning sequences 
 
The respective programming names of the defined parameters are given in Table II.5. 
 
Filtration flux is needed to calculate the start of BW and CIP cycles. It is defined by the user (i.e. 
Specification_Filtration_Flux in Table II.5) and must not exceed the maximum threshold filtration flux 
associated with the input water category. If this is not the case, the default filtration flux is the 
maximum threshold value. 
 
Table II.5 User-defined parameters − Filtration operating condition  













   
Specification_Filtration_Flux L h-1 m-2 at 20°C 
1 abbreviation for Specification_Relative_Permeability_Decline_A_During_Filtration_Cycle.  
2 abbreviation for Specification_Relative_Permeability_Decline_During_An_Operating_Cycle. 
 
2.1.3 Module operating life subject to end-of-life conditions 
The end-of-life of a module is reached when at least one of the following four conditions has been 
met:  
 
- Condition 1 ─ maximum operating life: a defined duration is reached. This duration can for 
example correspond to the membrane manufacturer's warranty, after which breakdowns are not 
Start of cleaning 
sequence 
Defined parameter  Calculated parameter Actual duration (BW and CIP) 
 
EITHER filtration cycle duration - 
IF duration ≤ maximum threshold duration 
THEN actual duration = duration 
 
IF duration > maximum duration 
THEN actual duration = maximum threshold 
duration  
BW start 
OR relative permeability decline 
during a filtration cycle 
Filtration cycle duration 
 
EITHER operating cycle duration - 
CIP start 
OR relative permeability decline 
during an operating cycle 
Operating cycle duration 
   




insured anymore or to the membrane manufacturer's recommendation to systematically renew 
modules after a given period of time for precautionary measures; 
 
- Condition 2 ─ minimum productivity: a defined permeability is reached after a BW cycle. Below 
this minimum permeability, the module is considered unproductive, unless an unacceptably high 
TMP be applied;   
 
- Condition 3 ─ maximum chemical resistance: a defined “c x t” value is reached for one of the 
chemicals used for backwashing or cleaning-in-place. It expresses the chemical intensity in 
ppm.day and corresponds to the chemical’s concentration (c) multiplied by the contact time (t) 
with the membrane surface. To maintain the chemical integrity of the membrane and the 
module as a whole, a maximum tolerable number of BW or CIP cycles is determined for each 
chemical;  
 
- Condition 4 ─ maximum mechanical resistance: a defined number of BW cycles is reached. BWs 
have an effect on the physical integrity of membranes. A maximum number of BW cycles is thus 
defined to stop operating modules before fibres are too fragile to mechanical stress.  
 
The respective programming names of the four end-of-life conditions are given in Table II.6. Values 
for these parameters can be found in the literature and are given in Appendix II–6. 
 
Table II.6 Model-defined parameters − End-of-life conditions 
Category Programming name Unit 
End-of-life 
conditions 
End_Of_Life_Operating_Life  year 
End_Of_Life_Permeability L h-1 m-2 bar-1 at 20°C 
End_Of_Life_Number_Of_BW_Cycles - 
BW_Chemical_End_Of_Life_c_x_t ppm day 
CIP_Chemical1_End_Of_Life_c_x_t ppm day 
CIP_Chemical2_End_Of_Life_c_x_t ppm day 
CIP_Chemical3_End_Of_Life_c_x_t ppm day 
 
2.1.4 Number of modules and blocks 
Membrane modules are arranged in rows, racks and blocks. The module arrangement in the model is 
based on industrial practices, according to which the membrane system is composed of several 
blocks. Each block is composed of two racks; each rack is composed of two rows. Each row of the 
membrane unit contains the same number of modules. In other words, blocks are identical to one 
another. An example of a possible module arrangement is given in Figure II.14. 
 





Figure II.14 Module arrangement in rows, racks and blocks 
 
The number of possible module arrangements is finite given the conditions linked to blocks. The 
calculated number of modules is rounded to the nearest possible module arrangement. If two 
arrangements are possible (e.g. 3 blocks of 12 modules per row or 4 blocks of 9 modules per row to 
obtain 144 modules), the arrangement with the lowest number of blocks is taken to reduce the 
facility’s footprint. 
2.1.5 Piping and fluid circulation 
Set piping system and fluid circulation 
As shown in Figure II.15, input water is pumped by the intake pump through a pre-filter to the 
modules, ultra-filtered and circulated to the permeate tank. During filtration, each block receives the 
same flow. During BW cycles, a chlorine-releasing compound is injected in permeate water in an in-
line blending system. The BW pump circulates permeate water in the opposite direction as compared 
to the intake pump. Before recirculating a CIP chemical solution, the CIP tank is filled with permeate 
water and the CIP chemical of the corresponding CIP phase. The chemical solution is then circulated 
to the modules and back to the CIP tank, in the same direction as the intake pump.  
 
Intake, BW and CIP pumps are common to all blocks and grouped in a same location, in a dedicated 
pump room for example. There is one of each for a given membrane facility regardless of the number 
of blocks. Furthermore, the membrane piping system is composed of six pipes common to all blocks 
and three pipes per rack. The six common pipes (intake, permeate, BW inlet and outlet, CIP inlet and 
outlet) are connected to each rack. The diameter of the common intake pipe depends on the number 
of installed blocks. The three rack pipes connect the top, bottom and permeate side of each module 
within a given rack. They have identical diameters because they are used interchangeably for 
filtration, BW and CIP. 
 
 




Figure II.15 Piping system and fluid circulation 




The respective programming names of the three pump efficiencies, common pipe diameters, rack 
pipe diameter and length are given in Table II.7. As regards the CIP common pipe, Figure II.16 
illustrates what is meant by the length from the CIP pump to the first block, and between blocks. The 
respective programming names are also found in Table II.7. 
 
Minor head loss is considered to calculate intake, BW and CIP pumping consumptions. There are 
three associated user-defined parameters for minor head loss coefficients (see Table II.7): in pipes 
common to all blocks, due to the prefilter placed at the outlet of the intake pump and in pipes within 
a rack. These coefficients are for example available from equipment manufacturers (e.g. suppliers for 
prefilters, valves, 90° bend…).  
 
Table II.7 User-defined parameters − Pump efficiencies, piping system and minor loss coefficients 


























Figure II.16 CIP common pipe lengths 
 
Execution of sequenced BW cycles 
A BW cycle is composed of one phase during which a volume of permeate water per unit of 
membrane surface is pumped at a defined flux from the outside to the inside of hollow fibres. A 
chlorine-releasing compound may be injected during the first part of the BW phase. Modules are 
washed during the second part with only permeate water in order to eliminate any remaining 
compound in membrane pores (see Figure II.17). The respective programming names of the above 
mentioned parameters are given in Table II.8. 
 
 
Figure II.17 BW chlorine-releasing compound injection time fraction 
 
Table II.8 User-defined parameters − BW operating conditions 
Category Programming name Unit 
BW operating 
conditions 
BW_Flux L h-1 m-2 at 20°C 
Volume_Per_BW_Per_Unit_Surface L m-2 per BW  
BW_Chemical_Concentration ppm 
BW_Chemical_Injection_Time_Fraction - 




Racks are backwashed successively: a first rack is cleaned, then a second, etc. Given flow values 
during BW cycles, this assumption is necessary to have reasonable pipe diameters. 
 
For a given block during a BW cycle, a first rack is backwashed whilst the second is in stand-by mode. 
Then the first rack is set in stand-by mode whilst the second is backwashed. The immobilization 
duration of a given module due to backwashing is thus twice the BW duration applied to the module: 
the BW duration for the module’s rack added to the BW duration for the second rack in the block (i.e. 
2tBW in Figure II.18). 
 
Figure II.18 Rack rotation for BW execution 
Execution of sequenced CIP cycles 
A CIP cycle is composed of five phases (see Table II.9). There can be up to three phases (i.e. phases 1 
to 3) during which a chemical solution (i.e. composed of chemical 1 to chemical 3) is filtered inside-
outside of hollow fibres during a defined duration and then left to soak during another defined 
duration. As listed in Table II.10, Number_Of_CIP_Chemical_Phases is the programming name for the 
number of CIP phases involving a chemical solution. Chemical concentrations, filtration fluxes and 
durations for each phase are also given.  
In phase 4, permeate water is filtered inside-outside a defined number of times (i.e. 
CIP_Phase4_Number_Of_Fillings_Per_Rack in Table II.10) to dilute remaining chemical solution in 
membrane pores. Each filling of a rack lasts CIP_Phase4_Duration_Per_Rack_Per_Filling. During 
phases 1 to 4, permeate is pumped back to the CIP tank.  
Phase 5 is a final rinsing step during which the permeate goes directly to waste. A defined volume 
per unit of membrane surface (i.e. CIP_Volume_Per_Phase5_Per_Unit_Surface in Table II.10) is 
filtered at a defined flux (i.e. CIP_Phase5_Flux).  
  




Table II.9 Five-phase CIP sequence 
 
Table II.10 User-defined parameters − CIP operating conditions 
























CIP_Phase5_Flux L h-1 m-2 at 20°C 
CIP_Volume_Per_Phase5_Per_Unit_Surface L m-2 for CIP Phase5 
 
Racks are cleaned-in-place successively: a first rack is cleaned, then a second, etc. Given flow values, 
this assumption is necessary to have reasonable CIP tank size. 
 
For CIP phases 1 to 3, the phase’s chemical solution fills the first rack and is then filtered whilst the 
second rack is in stand-by mode. During the soak period of the first rack, the chemical solution fills 
Consecutive CIP phase  CIP chemical solution CIP flow direction 
Phase 1 
Permeate water + Chemical1 
inside-outside, permeate back to CIP tank 
Phase 1 soak no flow 
Phase 2 
Permeate water + Chemical2 
inside-outside,  permeate back to CIP tank 
Phase 2 soak no flow 
Phase 3 
Permeate water + Chemical3 
inside-outside,  permeate back to CIP tank 
Phase 3 soak no flow 
Phase 4 Permeate water inside-outside,  permeate back to CIP tank 
Phase 5 Permeate water inside-outside, permeate to waste 




the second rack and is filtered. The soak period of the second rack can begin and finishes after the 
soak period of the first rack. The immobilization duration of a given module due to a CIP phase is thus 
twice the filtration duration plus one soak period (i.e. 2tCIP Phase + tCIP Phase,soak in Figure II.19). For CIP 
phase 4, each rack is filled one after the other: the immobilization duration of a given module is twice 
the filling duration applied to the module. The same applies for CIP phase 5. The total immobilization 
duration (tCIP) of a given module due to all five phases equals: 
 
 
tJK = F2 ∙ tJK	./M + tJK	./M,B/AG + F2 ∙ tJK	./ + tJK	./ ,B/AG




Figure II.19 Rack rotation for CIP Phases 1 to 3 execution 
 
 
2.2 MODEL REGRESSION FUNCTIONS 
2.2.1 Fouling rate  
The fouling rate during filtration (vF) is defined as the decline rate of relative permeability  O&O&P,P,PQ 
per unit of permeate volume (V) per membrane surface area (S) and expressed in m-1: 
 









An interesting feature of fouling rate described in such a manner is to eliminate dependency on 
filtration flux and lower the number of degrees of freedom. Only membrane material and input 
water quality have an impact. For a given membrane material for example, there is one fouling rate 
value per input water quality. 
 
When both filtration flux and input water quality are held constant, the fouling rate per unit of 
permeate volume can be readily converted to a fouling rate per unit of time (t): 
 




where J is the filtration flux. 
 
The fouling rate during filtration is modelled as the combined effect of the membrane's fouling 
propensity and the input water's fouling capacity. The strong assumption is that the specific 
resistance of the fouling layer is independent of filtration conditions, and in particular of applied 
pressure; the fouling layer is assumed to be incompressible.   
Numerous correlations have been observed between the membrane’s fouling propensity and the 
material’s hydrophobicity: the greater the hydrophobicity, the greater the fouling (Crozes et al., 
1993; Fane & Fell, 1987; Laîné et al., 1989; Nakatsuka et al., 1996). In this work, the membrane’s 
contact angle is used to account for hydrophobicity and taken equal to the contact angle measured 
between a water droplet and a flat surface made up of the membrane's material (i.e. 
Membrane_Material_Contact_Angle in Table II.11). This model-defined parameter is introduced in 
order to compare different membrane materials.  
From a theoretical point of view, hydrophobicity is by no means a measure of fouling propensity or 
membrane−foulant interactions but rather a measure of interactions between membrane and water. 
Experimental work has however shown that it is a convenient indicator. Care must be taken to 
consider the effect of size-dependent sieving in matter rejection; for membranes of different 
hydrophobicities to be compared, their average pore size and pore distribution should be identical.  
In the literature, the organic matrix of input water is associated with fouling and membrane 
hydrophobicity. A global analytical parameter that provides an appropriate balance between 
representativeness and ease of measure is TOC. Furthermore, particulate matter is associated with 
fouling by cake formation, which is considered as independent of membrane material. Turbidity is 
commonly used to measure its presence. 
In the model, characterizing the input water’s fouling capacity is based on the same parameters as 
for input water categorization (i.e. category 0 to 3): turbidity and TOC. It goes without saying that the 




intention is not to reflect the entire complexity of fouling. Ideally, representativeness entails taking 
into account the size of particulate and colloidal matter, fractions of NOM as well as other foulants 
(ions, metals...) and interactions between them. Such complexity calls for simplification through the 
use of exploitable indicators. Turbidity and TOC are appropriate for this purpose. 
 
Table II.11 Model-defined parameter − Membrane characteristic 





A regression function depending on the three above mentioned parameters can be elaborated to 
express the fouling rate during filtration:  
 
vQ = aM. NTU/ . TOC/". θ/N (II.15) 
 
where NTU is the input water turbidity, TOC is the input water total organic carbon, θ is the 
membrane’s contact angle and a1 to a4 are constants.  
 
The four model-defined parameters a1 to a4, for which the programming names are given in Table 
II.12, can be determined experimentally or approximated based on literature data.  
 
Table II.12 Model-defined parameters − Fouling rate regression function 









2.2.2 BW efficiency  
As illustrated in Figure II.20, BW efficiency (%BW) is defined as the ratio of relative permeability 
recovery during a BW cycle [(Δ O&O&P,P,P)BW] to relative permeability decline between the start and end of 
the preceding filtration cycle [(Δ O&O&P,P,P)F].  





Figure II.20 Backwash efficiency 
 
The efficiency of a BW cycle (%BW) is modelled as the combined effect of the membrane's fouling 
state and mechanical action of backwashing.  
Relative permeability is a measure of the membrane’s fouling state. In particular, BW efficiency is 
related to the decline of relative permeability during the preceding filtration cycle (i.e. (Δ O&O&P,P,P)F in 
Figure II.20): the greater the decline, the higher the state of fouling. It should further be noted that 
(Δ O&O&P,P,P)F is the denominator of the expression for BW efficiency (see Figure II.20). 
Backwashing is considered only as a mechanical action during which the membrane is solely a 
medium for fluid transport. Fluid mechanics in membrane pores and lumens is considered identical 
for membranes with the same geometrical properties, independently of membrane material. Such a 
hydraulic action is characterized by its strength and duration. Industrial practices have been 
considered to associate parameters: BW flux has been chosen for BW strength and BW volume per 
unit of membrane surface for BW duration. Both parameters provide transparent information on 
water consumption and hence water losses. 
 
A regression function depending on the three above mentioned parameters has been elaborated to 
express the efficiency of a BW cycle:  
  
%\] = bM. _`a∆ LpLpM,M,MbQ`c
H 




where (Δ O&O&P,P,P)F is the relative permeability decline during the preceding filtration cycle, JBW is the 
BW flux,  
	de
f  is the volume used per BW per membrane unit surface and b1 to b4 are constants.  
 
As in the case for a1 to a4, the model-defined parameters b1 to b4, for which the programming names 
are listed in Table II.13, can be determined experimentally or approximated with literature data.  
  




Table II.13 Model-defined parameters − BW efficiency regression function 
Category Programming name Unit 
Parameters for BW 
efficiency regression 
function 




2.2.3 CIP efficiency  
As shown in Figure II.21, CIP efficiency (%CIP) is defined as the ratio of relative permeability recovery 
during a CIP cycle [(Δ O&O&P,P,P)CIP] to relative permeability decline between the start of the ongoing 
operating cycle and the start of the CIP cycle [(Δ O&O&P,P,P)OP].  
 
 
Figure II.21 CIP efficiency 
 
The efficiency during a CIP cycle (%CIP) is modelled as the combined effect of the membrane's fouling 
state and chemical action of membrane cleaning.  
An analogy can undeniably be made with BW efficiency for which relative permeability is used as 
indicator of the membrane’s fouling state. Here, CIP efficiency is related to the decline of relative 
permeability during the ongoing operating cycle (i.e. (Δ O&O&P,P,P)OP in Figure II.21): the greater the 
decline, the higher the fouling state. This parameter is furthermore the denominator of the 
expression for CIP efficiency (see Figure II.21).  
Cleaning-in-place is considered only as a chemical action during which cleaning chemicals react with 
or dissolve foulants. The thermodynamics and kinetics of such reactions and dissolution 
phenomenon depend on CIP chemical intensity, that is to say on chemical concentration and 
chemical contact duration. These two parameters can furthermore be easily modified by operators. 
Note should be taken that industrials sometimes operate a change in pH during CIPs but this comes 




down to modifying the concentration of the concerned chemical solution. The two selected 
parameters for the chemical action of CIP are thus concentration and duration.  
 
A regression function depending on the three above mentioned parameters has been elaborated to 
express the efficiency of a CIP cycle:  
 
%JK = cM. _`a∆ LpLpM,M,Mbh`c
@ 
. iCIPk@". 1tJK6@N (II.17) 
 
where (Δ O&O&P,P,P)OP is the relative permeability decline between the start of the ongoing operating 
cycle and the start of the CIP cycle, [CIP] is the cleaning chemical’s concentration, tCIP is the duration 
of chemical contact with the membrane and c1 to c4 are constants.   
 
The model-defined parameters c1 to c4, for which the programming names are listed in Table II.14, 
can be determined experimentally or approximated with literature data. 
 
Table II.14 Model-defined parameters − CIP efficiency regression function 
Category Programming name Unit 
Parameters for CIP 
efficiency regression 
function 






2.3 MODEL SIMPLIFICATIONS  
In this work, simplifications are applied to the generic model previously described. In further 
research, these simplifications could be omitted and model calculations adapted accordingly. 
2.3.1 Non-stop operation 
The membrane unit runs 24 hours per day and 7 days a week. Shutdowns of several hours during 
workers’ rest time do not impact on energy or material consumptions per unit of output volume: 
membranes are in stand-by mode, no pump is running and no permeate produced nor consumed. If 
working hours were to be considered, the membrane operating life would simply need to be 
corrected by a multiplier factor equal to 
 N
'(H	B3	/4I	lBA	.B'  . In the model, the operating life 
expressed in years is thus the duration during which membranes are effectively operating. 
 
  




2.3.2 Constant parameters over time 
As a first step, model- and user-defined parameters are considered as constant over the module 
operating life; for each parameter, there is one defined value per scenario. As a result, the three 
regression functions (i.e. fouling rate, BW efficiency and CIP efficiency) are independent of time and, 
by extension, of permeate volume. For a given scenario, the fouling rate is the same for all filtration 
cycles during a module's operating cycle. The same applies to BW and CIP efficiencies for BW and CIP 
cycles respectively. 
 
As a matter of fact, studies have highlighted the variability over time of membrane and process 
properties, including CIP efficiency (Porcelli & Judd, 2010). CIP efficiency can increase over time due 
to more permeable membranes as a result of their chemical degradation amplified by the mechanical 
stress of BWs (Pellegrin et al., 2013). It has also been hypothesized that the chemical ageing of 
membranes accounts for a greater sensitivity to fouling compared to virgin membranes (Touffet et 
al., 2015). Such opposite effects of membrane ageing on permeability make it difficult to 
quantitatively predict the evolution of parameters such as fouling rate, BW or CIP efficiencies. 
 
2.3.3 Identical modules  
Membrane modules are considered to respond in an equivalent manner to given operating 
conditions. Permeability variations and operating lifespan are for example identical from one module 
to another in the same membrane unit. In reality, differences may be observed between modules, 
for example concerning the presence of broken fibres that may lead to lower operating lives for the 
concerned modules (Brehant et al., 2009). The behaviour of modules calculated by the model 
corresponds to an average behaviour in the UF unit. 
 
Hydraulic distribution in the piping system is never perfectly equal and hydraulic conditions may vary 
from one module to another depending on their position in the membrane unit. Due to lower head 
losses, modules closest to the intake pump (i.e. beginning of the first row of the first block) are for 
example subject to feed water at a higher TMP than the furthest modules (i.e. end of the second row 
of the last block). However, it can be considered that hydraulic variations between membrane units 
of two scenarios are similar and hydraulic conditions given by the model corresponds to average 
conditions in the membrane facility. 
 
2.3.4 Neglected linear head loss 
Linear head loss is negligible compared to minor head loss and can be neglected in pumping 
calculations. As an order of magnitude, linear head loss is at most a tenth of minor head loss for rack 
lengths smaller or equal to 14 m, which corresponds to 80 modules per rack (module diameter and 
space between modules equal to 30 and 5 cm, respectively).  
 




2.3.5 Neglected BW and CIP chemical injection 
Pumping of the chlorine-releasing compound in permeate water during BW in-line blending is 
neglected in energy consumption calculations because negligible. Material consumption linked to the 
chlorine-releasing compound is however taken into account. It is calculated in Appendix II─7 that 
energy consumption for NaOCl pumping does not exceed 0.003 % of energy consumption for BW 
water pumping.  
 
Pumping of CIP chemicals in the CIP tank before Phases 1 to 3 is also neglected in energy 
consumption calculations because negligible. Material consumption linked to CIP chemicals is 
however taken into account. In Appendix II─7, it is calculated that energy consumption for chemical 
injection in the CIP tank does not exceed 0.9 % of energy consumption for tank filling with water.  
 
2.4 DETERMINATION OF REGRESSION FUNCTION COEFFICIENTS 
The three model regression functions for the fouling rate during filtration, BW and CIP efficiencies 
are only effective if their respective coefficients (i.e. a1 – a4, b1 – b4, c1 – c4) are predetermined with 
data. The existence of data on membrane operation is not an issue since drinking water plants are 
equipped with data acquisition systems and extensive laboratory studies that can be found in the 
literature have also been carried out. Certain other conditions on data are to be met: 
- Availability: data must be available for it to be used. It can be done by finding published 
industrial data, having access to unpublished non confidential data or, as regards the literature, 
having access to raw data or adequate graphs that allow to infer the desired information; 
- Relevance: data must correspond to the considered operating conditions. The fouling rate for 
example depends on membrane material (i.e. contact angle parameter) and filtration mode (i.e. 
dead-end) so data must specifically relate to CA membranes operated in a dead-end 
configuration. CIP efficiency is also linked to membrane material and CIP chemicals; data must 
relate to CA membranes cleaned-in-place with chemical solutions that are adapted to its 
chemical resistance and targeted foulants. Backwashing on the other hand is considered as a 
mechanical action for which its efficiency is independent of membrane material. Data obtained 
with membranes other than in CA is thus adapted;  
- Representativeness: representative data allows to confidently generalize results to other 
membrane units. Although not the sole guarantee of such representativeness, data sufficiency 
and reproducibility are necessary.   
 
In this study, the coefficients a1 – a4, b1 – b4 and c1 – c4 have mainly been determined with data from 
the literature and with the assumption that their values are constant over time and, by extension, of 
permeate volume. This is a consequence of the assumption of constant model- and user-defined 
parameters over time.  
 
A value for the coefficient a2 is for example suggested on the basis of data generated from a pilot 
plant using CA inside-out hollow fibres in a dead-end mode (Delgrange, 2000). As a reminder, the 




coefficient a2 is the exponent of turbidity in the fouling rate regression function (see Equation II.15). 
During the different filtration trials, turbidity of the input river water varied from 5 to 25 NTU 
whereas TOC remained stable (3-4 mg L-1). Several filtration fluxes (40-70 L h-1 m-2) and cycle 
durations (25-45 min) have been tested. For each set of filtration conditions, the average fouling rate 
during filtration cycles has been inferred from TMP variations over time. The fouling rate ranges from 
3.2 to 6.3 m-1. As shown in Figure II.22, data of fouling rate as a function of turbidity is fit to a power 
law and leads to a suggested value for a2 equal to 0.31. 
 
 
Figure II.22 Determination of a2 − Fouling rate during filtration cycles as a function of turbidity adapted from Delgrange 
(2000) 
 
The determination of the other coefficients is detailed in Appendix II−8 and their value ranges are 
summarized in Table II.15. Due to a lack of available, relevant and representative data, it has not 
been possible to determine three coefficients (b3, b4, and c3). As a result, coefficients b1 and c1 could 
not be determined either.  
 
Table II.15 Literature determination − Value ranges of coefficients in the model regression functions 
Regression function Value range Coefficient value range 
Fouling rate 1.3 ─ 6.3 
a1 a2 a3 a4 
4.4 ─ 160 0.31 -0.31 -0.54 
BW efficiency 0.44 ─ 1.1 
b1 b2 b3 b4 
N/A -1.0 N/A N/A 
CIP efficiency 0.3 ─ 1.8 
c1 c2 c3 c4 
N/A -0.87 N/A -0.75 
N/A non available. 
 
Difficulties have indeed been encountered for the determination of the set of coefficients that 
appear in the model regression functions. Limited industrial data has been found for the coefficients 
c2 and c4, data from the literature has otherwise been used. Other relevant literature sources have 
been found but the desired information not inferable from inserted figures. For example, Crozes et 




al. (1997) investigate the influence of TMP during backwashing on flux recovery of CA UF membranes 
(Figure 12 in the article). The flux before backwashing (i.e. at the end of the filtration cycle) is 
however not given so BW efficiency as defined in this work for the regression function cannot be 
deduced from the given initial flux recovery percentage; the exponent b3 cannot be calculated. 
Teychene et al.’s (2018) and Touffet’s (2014) work are also valuable literature sources that study the 
fouling propensity of CA membranes for different water resources. TMP variations over 25 h of 
filtration are for example illustrated in Figure 5. (a) (Teychene et al., 2018) but too compact to 
distinguish TMPs during any given filtration cycle and calculate total fouling rate (abbreviated VC in 
Touffet (2014)).   
Finding data relevant to our study is moreover not systematic. Studies may focus on cross-flow 
filtration (e.g. Crozes et al. (1997)) or on fouling remediation conditions different from those set 
previously. In that respect, Remize (2006) extensively studies BW efficiency for PS membranes. In his 
work, Figure III-9 shows permeability over time for around twenty filtration cycles and BWs. BW 
efficiency as a function of (Δ O&O&P,P,P)F can be plotted to determine the exponent b2. The considered 
BWs are nonetheless assisted by air scouring with a non-negligible superficial velocity of air equal to 
0.49 m s-1. The available data is therefore not adapted to our study with water-only BWs. 
The limited representativeness of certain used data impacts on the quality of the coefficient 
determination. Determining coefficients a4 and c2 is notably based on limited data: two contact angle 
values for the former and three values of permeability decline during an operating cycle for the 
latter. The coefficients a2 − a4 and b2 are furthermore determined with data from laboratory studies, 
which can differ from industrial reality. Ye et al. (2011) for example use synthetic water in their study 
on BW efficiency. Such data is used to determine b2 for lack of more adapted literature sources. 
 
For the reasons referred to above, values of regression function coefficients in Table II.15 should be 
considered as indicative of magnitude only. Orders of magnitude of consumptions and waste can 
thereby be calculated. 
 
2.5 MODEL CALCULATIONS 
Consumptions and waste linked to the production of drinking water are calculated with assumptions 
and simplifications explained in the above sections. Calculations mainly revolve around variations in 
relative permeability (e.g. decline during filtration, remediation during cleaning sequences), whether 
it be to determine if the minimum relative permeability has been reached or to determine the 
average permeability for energy consumptions. For confidentiality reasons, it has been deliberately 
decided to exclude calculation details from this written document. 
 
  




2.6 MODEL INITIALIZATION 
2.6.1 Scenario A-0 
The model is initialized in a so-called scenario A-0 with CTA membranes housed in 55 m2 modules, 
which filter high-quality input water that belongs to the limit between categories 0 and 1 (1 NTU, 1 
mg TOC L-1). Threshold operating conditions of category 0 are taken; maximum values advocated for 
filtration flux, filtration cycle duration and operating cycle duration are 130 L h-1 m-2, 180 min and 365 
days respectively.  
 
Value ranges of other input parameters have been obtained from an in-depth review of the literature 
and correspond to industrial practice. Initialization values within these ranges are suggested for 
scenario A-0. For such high-quality input water, it is for example appropriate to filter at 100 L h-1 m-2 
during cycles of 60 min.  
Mild BW and CIP conditions are furthermore sufficient. The BW volume and flux can be in the lower 
end of their value ranges (i.e. 4.5 L m-2 and 250 L m-2 h-1 respectively). Appropriate BW conditions are 
set to allow for sufficient disinfection by the chlorine-releasing compound (i.e. injection time fraction 
and concentration of 0.5 and 5 ppm respectively). Mild CIP conditions correspond to a citric acid 
concentration of 1.5 g L-1 with a 2-hour-long soak. Ammonia is used for a pH 4 buffer of the chemical 
solution. At least 5 fillings are then necessary to rinse membrane modules.    
The favourable operating conditions for membrane ageing justifies that the end-of-life module 
operating life and number of BW cycles equal the upper limit of their respective value ranges (i.e. 15 
years and 200,000). 
 
The relative permeability for which CIP starts and the end-of-life permeability does not depend on 
input water quality but on the membrane material. For CTA membranes, common practice is to set 
values of the two aforementioned parameters equal to -0.35 and 100 L m-2 h-1 bar-1 respectively.  
 
Initialization values of the membrane contact angle, initial permeability and end-of-life “c x t” as 
regards chlorine are taken as the mid-point of ranges for CTA membranes (i.e. 20°, 230 L m-2 h-1 bar-1 
and 50 g L-1 h respectively). Mid-points of ranges are also taken for parameters that depend on the 
system design and not on the input water quality or membrane material. Parameters involved are 
those of pumping efficiencies, piping system and minor loss coefficients. 
 
Besides values of the three regression functions, all values for model initialization are summarized in 
Table II.16.  
 
  




Table II.16 Scenario A-0 − Model initialization values of input parameters 
User-defined parameter 
Category Input parameter Unit Scenario A-0 
Output flow rate Specification_Output_Flow_Rate m3 day-1 30,000 
Input water quality 
Input_Water_Turbidity NTU 1 
Input_Water_TOC  mg L-1 1 
Module characteristics 
Module_Surface m2 55 
Module_Void_Volume m3 0.06 
Initial_Permeability L h-1 m-2 bar-1 230 
Filtration operating 
conditions 
Specification_Filtration_Cycle_Duration min 60 
Specification_Decline_Operatinga - -0.35 
Specification_Filtration_Flux L h-1 m-2 100 
BW operating conditions 
BW_Flux L h-1 m-2 250 
Volume_Per_BW_Per_Unit_Surface L m-2 4.5 
BW_Chemical_Concentration ppm 5 
BW_Chemical_Injection_Time_Fraction - 0.5 
CIP operating conditions 
Number _Of_CIP_Chemical_Phases - 1 
CIP_Chemical_Concentration (Phase 1) g L-1 1.5 
CIP_Flux (Phases 1, 4 and 5)b L h-1 m-2 30 
CIP_Duration_Per_Rack (Phase 1) h 1 
CIP_Soak_Duration_Per_Rack (Phase 1) h 2 
CIP_Phase4_Duration_Per_Rack_Per_Filling h 1 
CIP_Phase4_Number_Of_Fillings_Per_Rack - 5 
CIP_Volume_Per_Phase5_Per_Unit_Surface L m-2 20 
Pump efficiencies Pump_Efficiency (intake, BW, CIP) - 0.7 
Piping system 
BW_Common_Pipe_Diameter m 0.25 
CIP_Common_Pipe_Diameter m 0.15 
Rack_Pipe_Diameter m 0.25 
Rack_Pipe_Length_Between_Modules m 0.40 
CIP_Common_Pipe_Length_To_First_Block m 5 
CIP_Common_Pipe_Length_Between_Blocks m 1.5 
Minor loss coefficients 
Common_Minor_Loss_Coefficient - 15 
Prefilter_Minor_Loss_Coefficient - 10 
Rack_Minor_Loss_Coefficient - 8 
Model-defined parameter 
Membrane characteristic Membrane_Material_Contact_Angle ° 20 
Threshold operating 
conditions 
Max_Filtration_Flux L h-1 m-2 at 20°C  100 
Max_Filtration_Cycle_Duration min 90 
Max_Operating_Cycle_Duration day 365 
End-of-life conditions 
End_Of_Life_Operating_Life  year 15 
End_Of_Life_Permeability L h-1 m-2 bar-1 100 
End_Of_Life_Number_Of_BW_Cycles - 200,000 
End_Of_Life_c_x_t for chlorine g L-1 h 50 
a abbreviation for Specification_Relative_Permeability_Decline_During_An_Operating_Cycle. 
b There is only one chemical phase in the model initialization. Phases 2 and 3 do not exist and the 
values of their associated parameters (e.g. duration, chemical concentration) are thus equal to zero. 





Value ranges in Table II.15 are used to initialize the model regression functions, in particular that of 
fouling rate during filtration. Given the high-quality input water, the low end of the value range is 
taken for a1 (i.e. 4.4 m-1 (NTU)-a2 (g L-1)-a3 (°)-a4). The single values are taken for a2 to a4. These 
initialization values lead to a fouling rate equal to -0.87 m-1. The same cannot be done for BW and CIP 
efficiencies since certain coefficients (i.e. b1, b3, b4, c1 and c3) could not be established. Instead of 
calculating with the two associated regression functions, BW and CIP efficiencies are fixed; BW 
efficiency is taken equal to the midrange value of 0.44-1.1 (i.e. 0.77) and CIP efficiency to the 
midrange value of 0.3-1.0 (i.e. 0.65). Initialization values related to the three regression functions are 
summarized in Table II.17.   
 
Table II.17 Scenario A-0 − Model initialization of fouling rate regression functions 














BW efficiency %BW - 0.77 
CIP efficiency %CIP - 0.65 
 
Model calculations with the initialization values result in a module operating life of 1.2 days. The end-
of-life limiting condition is that of productivity: the permeability threshold defined as 100 L h-1 m-2 is 
reached after 28 BW cycles. Possible reasons for the rapid permeability decline are high fouling rate, 
low BW efficiency and/or low CIP efficiency since these three model parameters determine relative 
permeability decline during filtration and operating cycles.  
 
Given that the calculated module operating life is considerably below the order of magnitude of 
industrial values (i.e. 3-15 years), it can be concluded that orders of magnitude for the regression 
function coefficients are not sufficient for realistic consumption and waste calculations; data 
availability, relevance and representativeness in this work are to be improved. It would be 
appropriate to further the search of relevant literature sources and develop collaborations to have 
access to industrial data. As in Teychene et al.’s (2018) article, a statistical analysis approach can be 
implemented to process large sets of industrial data and contribute to data representativeness. It 
should also be kept in mind that the selected literature studies in Appendix II−8 have been 
performed for specific research purposes. Experimental work specific to our research purpose would 
allow to generate data under desired operating conditions. An experimental set-up could for 
example be developed to investigate the influence of BW flux on BW efficiency and thereby suggest a 
value for the exponent b3. 
  




2.6.2 Scenario A-1 
Since the model initialization in scenario A-0 is inconclusive, a reference scenario (scenario A-1) is 
studied with set fouling rate (vF), BW efficiency (%BW) and CIP efficiency (%CIP). This allows to 
circumvent the problematic determination of the three parameters. Values for scenario A-1 are the 
same as for scenario A-0, except for the dataset (vF, %BW, %CIP) which is determined according to the 
following criterion:  
 
- The module end-of-life corresponds to both the maximum operating life and minimum 
productivity. In other words, modules operate during 15 years and their final permeability equals 
100 L h-1 m-2 bar-1. 
 
There are of course an infinite number of dataset values that fit this criterion. One specific dataset is 
suggested for scenario A-1, notably because the high cleaning efficiencies (i.e. 0.95 for both BW and 
CIP) are coherent with the high-quality input water. Values are given in Table II.18. Note should be 
taken that the fouling rate suggested is roughly 100 times lower than that in scenario A-0.      
 
Table II.18 Scenario A-1 – Values for regression functions 
Regression function Parameter Unit Scenario A 
Fouling rate vF m-1 -7.9 10-3 
BW efficiency %BW - 0.95 
CIP efficiency %CIP - 0.95 
 
Upon model calculating, it can be seen from Figure II.23 and Figure II.24 that the criterion is met: the 
final relative permeability equals 0.43 (i.e. 100 L h-1 m-2 bar-1) and is reached after 15 years. This 
corresponds to a cumulated permeate volume equal to 1.24 104 m3 per module. Figure II.25 zooms in 
on relative permeability variations during one day; relative permeability falls less than 0.005. 
 
 
Figure II.23 Scenario A-1 ─ Variation of relative permeability during the module operating life as a function of time 













Figure II.25 Scenario A-1 ─ Variation of relative permeability during the first day as a function of (a) time and (b) 
permeate volume 
 
As regards the UF unit, it is composed of 252 modules and operates at 98 L h-1 m-2 (see  
Table II.19). The calculated filtration flux (i.e. 98 L h-1 m-2) is coherent with the input value (i.e. 100 L 
h-1 m-2). Theoretically, 247 modules are needed. The nearest possible module arrangement, for which 
all rows have the same number of modules, is for 252 modules: 7 blocks composed of 9 modules per 
row. The slight oversizing of the UF unit explains the filtration flux differential. 
The operating cycle duration is 365 days, which equals the maximum operating cycle duration for 
category 0 input water. In other words, relative permeability declines less than 0.35 during an 
operating cycle and a CIP is launched despite high relative permeability. 
In scenario A-1, average permeability during filtration equals the average between the initial and 
final permeabilities (i.e. 165 L m-2 h-1). This is exceptionally the case because the number of operating 
cycles is an integer; the module operating life is reached at the end of an operating cycle.  
Average TMPs during filtration and backwashing, 0.60 and 1.5 bar respectively, are coherent with 
values found industrially. 
 




Table II.19 Scenarios A-1 ─ Key calculated parameters 
Parameter Unit Value 
Number of modules - 252 
Filtration flux L h-1 m-2 98 
Operating cycle duration day 365 
Number of filtration cycles - 126,529 
Average permeability during filtration L m-2 h-1 165 
Filtration average TMP  bar 0.60 
BW average TMP bar 1.5 
Water recovery rate - 0.95 
 
Figure II.26 puts forth TMP variations during the module operating life. Variation of TMP during an 
operating cycle becomes greater with time: 0.21 and 0.43 bar increase during the first and last 
operating cycles respectively. This is coherent with the linear rise in permeability due to the constant 
fouling rate and the inverse relationship between permeability and TMP. Initial and final TMPs stem 
directly from the filtration flux (i.e. 100 L h-1 m-2) and from initial and final permeabilities (i.e. 230 and 
100 L h-1 m-2 bar-1): 0.42 and 1.0 bar respectively. 
 
 
Figure II.26 Scenario A-1 ─ Variation of TMP during the module operating life as a function of time 
 
Figure II.27 zooms in on TMP variations during the first day of operation. TMP rises by less than 40 
Pa, which can be attributed to the high-quality input water. Such a low variation would go unnoticed 
on a drinking water plant and BWs would most certainly be started after filtration cycles longer than 
60 min.  
 





Figure II.27 Scenario A-1 ─ Variation of TMP during the first day as a function of time 
 
Overall, scenario A-1 gives coherent values of calculated parameters and, as such, is used as a 
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Three LCAs related to conventional membranes are carried out in this chapter; a first one for the 
fabrication stage, a second for the operation stage and a third for the entire life cycle. In what follows 
conventional membranes refer to inside-out CTA hollow fibres contained in 55 m2 modules.  
 
1 LCA OF CONVENTIONAL HOLLOW FIBRE AND MODULE FABRICATION 
 
1.1 GOAL AND SCOPE 
The goal of this first LCA is to assess the contribution of material and energy on the environmental 
impacts of conventional membrane fabrication. Improvement strategies to reduce these impacts can 
then be suggested and acted on. 
 
The function of such conventional membranes is to provide ultrafiltered water for drinking purposes. 
The functional unit represents 1 m2 of membrane filtration surface embedded in a module. The 
product system consists of a membrane module composed of 55 m2 membrane filtration surface, 
membrane housing, adhesive and auxiliary equipment (grids, caps, plugs…).  
 
The system boundaries are cradle to gate: from raw material extraction to membrane fabrication. 
Membranes are fabricated in France. The construction and building of the production site is included, 
as well as utilities for its lighting and temperature control (heating, air conditioning…). The system 
boundaries include the transport of inputs and waste from and to the production site.  
 
The LCA is based on the ecoinvent v3.4 database and carried out with Umberto LCA+ v10.0 software. 
The system model used with ecoinvent is the allocation at the point of substitution (APOS). 
 
1.2 INVENTORY ANALYSIS 
As shown in Figure III.1, the modelled inventory obtained from the hollow fibre and module 
fabrication model (see Chapter II.1) is based on data from two different types of source: the 
literature and on-site measurements specific to a membrane fabrication factory. Value ranges are 
given in Appendix II−2. This modelled inventory is used for the subsequent LCA.  
 
On-site measurements have been performed during a measurement campaign conducted in 2000 
during an entire week (i.e. one batch of polymer solution, which corresponds to 10 modules). The 
resulting confidential report specifies that the week in question was representative in terms of 
productivity. Flow rates, fluid temperatures and electric power of devices were measured to 
calculate average consumptions per 55 m2 module for each membrane fabrication unit operation. 
Measurements were repeated three times for heating during spinning, coagulation, rinsing and pre-
conditioning: reproducibility was observed. Other measurements were not repeated. Furthermore, 
there is consistency between operating conditions outlined in the report and found in the scientific 
literature.  
 




Only on-site measurements have been used to obtain the measured inventory. Neither process start-
up nor shutdown has been considered.      
 
 
Figure III.1 Conventional membrane fabrication − Determination of modelled and measured inventory 
 
The modelled inventory as shown in Table III.1 corresponds to a material and energy balance of the 
membrane fabrication process of conventional 55 m2 modules. The CTA polymer is not inventoried in 
the ecoinvent v3.4 database. Given the quantity used and its importance for the final product, its 
inventory is calculated in section 1.4.  
 
1.3 INVENTORY COMPARISON 
As shown in Table III.2, the modelled inventory is compared to the measured inventory and those in 
the literature. The comparison is done in terms of percentage change, defined as the difference 
between the literature and modelled value divided by the modelled value. Overall, the same orders 
of magnitude are obtained.  
 
The model gives a consistent inventory as compared to the measured inventory: the percentage 
change does not exceed 15% in absolute values, except for electricity and natural gas that are both 
underestimated by the model. Compared to other process inputs, calculating the latter two has 
required the greatest assumptions as regards technology characteristics (e.g. vessel thickness) and 
performances (e.g. thermal transfer efficiency) and can be an explanation for the observed 
discrepancies.   
 




Table III.1 Conventional membrane fabrication − Modelled inventory and ecoinvent unit processes 
Category Cluster 
Process inputs and 
waste 
Quantity (per m2 
conventional 
membrane) 
Ecoinvent v3.4 unit process 
Membrane 
fabrication 
Lithium chloride Lithium chloride (kg) 0.0151 Market for lithium chloride [GLO] 
Glycerol Glycerol (kg) 0.780 Market for glycerine [GLO] 
Sodium bisulfite Sodium bisulfite (kg) 0.0818 Market for sodium hydrogen sulfite [GLO] 
    
Water 
Tap water (kg) 
117 
Tap water production, ultrafiltration treatment [Europe without 
Switzerland] 
Softened water (kg) 
26.6 
Market for water, completely softened, from decarbonised water at 
user [GLO] 
    
Adhesives 
Epoxy resin (kg) 0.127 Market for epoxy resin [GLO] 
Hardener (kg) 0.0677 Market for chemical, organic [GLO] 
Calcium carbonate (kg) 0.0428 Market for calcium carbonate, precipitated [GLO] 
    
Module components 
Glass fibre (kg) 0.255 Market for glass fibre [GLO] 
Polyethylene (kg) 0.0391 Market for polyethylene, high density, granulate [GLO] 
Polyvinylchloride (kg) 3.64 10-4 Market for polyvinylchloride, bulk polymerised [GLO] 
Noryl (kg) 6.36 10-3 Market for polystyrene, high impact [GLO] 
    
Waste 
Liquid waste (m3) 0.143 Treatment of wastewater, average, capacity 4.7E10l/year [CH] 
Solid waste (kg) 0.287 Treatment of municipal solid waste, incineration [FR] 
    
Electricity Electricity (kWh) 3.35 Market for electricity, medium voltage [FR] 
Natural gas Natural gas (m3) 0.166 Market for natural gas, low pressure [RoW] 
 Factory Factory (unit) 7.02 10-14 Market for chemical factory, organics [GLO]a 
Solvent fabrication - NMP (kg) 0.588 Market for N-methyl-2-pyrrolidone [GLO] 
Polymer fabrication - CTA (kg) 0.151 N/A 
a The membrane fabrication factory is approximated to a chemical factory as indexed in the ecoinvent database.




Greater discrepancies exist with inventories from Manda et al. (2014) and ecoinvent: from 29 to 
17,100% in absolute values. The composition of the polymer solution considered in Manda et al.'s 
(2014) inventory differs, notably in that it includes glycerol. Whereas glycerol is used during pre-
conditioning in the modelled inventory, this stage is omitted in Manda et al.'s (2014) work. Further 
difficulties to compare with Manda et al.'s (2014) inventory arise from the lack of information on skid 
and module characteristics. No detail is given on module dimensions or auxiliary equipment, thereby 
making it challenging to comment consumptions of epoxy resin, glass fibre, polyethylene and 
polyvinylchloride. As for the inventory derived from the ecoinvent "UF module production, hollow 
fiber" unit process, inputs are only those found in the final module, neglecting for example waste 
during the fabrication process. Electricity and natural gas are estimated using generic unit processes 
associated with plastic processing, hence significant percentage changes (i.e. 96-97%) with modelled 
energy consumptions.  
 
   
 
 




Table III.2 Conventional membrane fabrication − Relative difference between modelled, measured and literature inventories 
Process inputs and 
waste 
Measured inventorya Manda et al.b (2014) Ecoinventc  
Percentage change (%) 
compared to modelled value 
Percentage change (%) 
compared to modelled value 
Comment 
Percentage change (%) 
compared to modelled value 
Comment 
CTA 15 29 13.4 wt.% PES in polymer solution 38 Input in final module only 
NMP 15 -33 60.3 wt.% NMP in polymer solution - - 
Lithium chloride 15 - - - - 
Glycerol 15 -88 6.9 wt.% glycerol in polymer solution - - 
Tap water -2 - - - - 
Softened water 0 - - - - 
Epoxy resin -4 -41 Polyurethane -82 Input in final module only 
Hardener  1 - - - - 
Calcium carbonate  9 - - - - 
Glass fibre -3 -53 Glass-reinforced plastic -41 Input in final module only 
Polyethylene -2 -84 - - - 
Polyvinylchloride 0 17,100 - - - 
Noryl -3 - - - - 
Electricity 75 143 - -97 Generic unit processes of 
extrusion and injection moulding Natural gas 44 131 - -96 
a No process start-up or shutdown. 
b Initial inventory in kg m-3 water is converted to kg m-2 membrane with data from Table 1 in Manda et al. (2014). 
c Unit process "UF module production, hollow fiber" based on a PALL UNA-620 A module (50 m2).




1.4 CTA INVENTORY 
CTA, the polymer used in conventional membranes, is not inventoried in the ecoinvent v3.4 
database. Its fabrication inventory is detailed below.  
 
The chosen CTA production process (see Figure III.2) and inventory are taken from Manda et al.’s 
(2014) study, which is based on process data compiled and calculated from chemical encyclopedias 
and a technology patent. The final polymer in Manda et al.’s (2014) work has a degree of substitution 
equal to 2.4, which corresponds to CDA.  
The United States’ Federal Trade Commission defines CTA as CA with a minimum degree of 
substitution equal to 2.76 (Cook, 2001). The degree of substitution for the CTA inventory is taken 
equal to 2.8.  
 
CTA is produced from pre-treated cellulose. Pre-treatment consists in swelling cellulose in wood pulp 
with acetic acid and water in a stirred heated reactor (R-101) to allow for efficient diffusion of 
chemicals during acetylation. Water also hydrolyses glycosidic bonds in cellulose and CA. The 
resulting reduced chain length increases CA solubility in the acetylation reaction medium and is 
necessary to meet product molecular weight requirements. Acetylation with acetic anhydride as 
reactant is total and relatively fast compared with acetic acid. The latter is added as solvent. Excess 
acetic anhydride is needed because it reacts exothermically with unreacted water from pre-
treatment. Acetic anhydride and acetic acid are pre-cooled and the stirred vessel (R-102) is cooled to 
control the reaction temperature. Quenching is then carried out in another stirred heated reactor (R-
103) by adding water, which reacts with the unreacted acetic anhydride and provides water for the 
subsequent hydrolysis reaction. More water is indeed added to obtain the desired degree of 
substitution of hydroxyl groups. Sulphuric acid catalyzes the three reactions (hydrolysis of the 
glycosidic bonds, acetylation of cellulose and hydrolysis of CTA). Acidic conditions during CTA 
hydrolysis avoid complete hydrolysis of acetyl groups as compared to basic conditions. As for 
acetylation the cellulose sulphate ester intermediate is formed before CTA. This intermediate 
influences the stability of CTA: under heat and humidity, sulphate ester groups decompose, release 
sulphuric acid and degrade the polymer. Any remaining sulphate ester groups are thus neutralized 
with sodium acetate. CTA is precipitated in powder form by pouring a diluted solution of acetic acid 
in water, washed and filtered (F-101) from acids (acetic acid, sulphuric acid) and salts (sodium 
sulphate), centrifuged (C-101) and dried (D-101) to further reduce water content. Liquid waste from 
washing is partially evaporated (E-101) to separate sodium sulphate by precipitation. Acetic acid is 
extracted (T-101) with ethyl acetate from the aqueous waste solution. The extract is distilled to 
remove azeotropic ethyl acetate-water from the top of the column (T-102) and glacial acetic acid 
from the bottom. The former may be recycled back to the extraction stage and the latter recovered 
for acetylation. 
 
Material and energy consumptions of CTA fabrication are calculated from material and energy 
balances for the process. Major assumptions used are irreversible chemical reactions (either total 




reactions or reagent in excess), complete separation and recovery during separation operations 
except for acetic acid, and negligible mass of impurities. The same recovery rate of acetic acid is 
taken as for Manda et al.'s (2014) study. Water consumption due to glycosidic bond hydrolysis during 
pre-treatment is considered negligible. Acetylation is considered with a 10% excess of acetic 
anhydride as sole reactant to yield CTA with a degree of substitution equal to 3.0. It corresponds to 
an intermediate product, which differs from the final product. Reactant masses (i.e. acetic acid, 
sulphuric acid, sodium acetate and water) added during hydrolysis are calculated proportional to the 
desired CA degree of substitution, that is 2.8. It is assumed that sulfur ester groups in cellulose and 
CTA are totally neutralized and that ethyl acetate is fully recovered during distillation. The same total 
electricity and steam consumption is taken as for Manda et al.'s (2014) work primarily because no 
detail is given on their distribution per unit operation. Operating conditions for CDA and CTA 
production are very similar. The main difference which may impact on energy consumption is the 
greater fluid volume to be heated during hydrolysis for CDA compared to CTA.   
 
Calculation details per operation unit can be found in Appendix III−1. The final inventory of CTA 
fabrication and the corresponding ecoinvent unit processes are listed in Table III.3. It is assumed that 
the CTA fabrication plant is located in Europe.  
 
The inventory in Table III.3 is similar to that of Manda et al. (2014), which is not surprising since it is 
derived from it. Consumptions and waste are lower for CTA than for Manda et al.'s (2014) CDA since, 
for a given input cellulose quantity and owing to their differing molecular masses, the CTA mass 
produced is 6.0% greater than for CDA. Another reason is that less input is required during hydrolysis 
for CTA than for CDA. The major difference between our calculated inventory and that found in the 
literature concerns sodium acetate consumption (i.e. ratio equal to 6); total neutralization of sulfur 
ester groups in cellulose and CTA is assumed in our case. 
 
1.5 IMPACT ASSESSMENT  
The ReCiPe endpoint method has been chosen as evaluation method since it is the most recent and 
harmonized indicator approach. The hierarchist cultural perspective is taken as default model. Two 
other impact assessment methods are used: IPCC's 2007 global warming potential (GWP) over a 100-









Figure III.2 CDA and CTA fabrication − Flowsheet  









(per kg CTAa) 
Ecoinvent v3.4 unit process Comment 
Factory Factory (unit) 1.82 10-10 Market for chemical factory, organics [GLO] - 
Cellulose Cellulose (kg) 0.572 Market for sulfate pulp [GLO] 
Sulphate pulp (from the Kraft process, 
sodium sulphide degrades lignin binding 
cellulose fibers together)  
Acetic acid 
Acetic acid (kg) 3.97 
Market for acetic acid, without water, in 98% 
solution state [GLO] 
- 
Acetic acid recovered (kg) 3.26 - - 
Acetic anhydride Acetic anhydride (kg) 1.71 Market for acetic anhydride [RER] - 
Sulphuric acid Sulphuric acid (kg) 0.0750 Market for sulfuric acid [GLO] - 
Sodium acetate Sodium acetate (kg) 0.125 
Market for acetic acid, without water, in 98% 
solution state [GLO] 
Market for sodium hydroxide, without water, in 50% 
solution state [GLO] 
Sodium acetate produced from sodium 
hydroxide and acetic acid in stoichiometric 
proportions. 
Water Water (kg) 19.6 Market group for tap water [RER] - 
Waste 
Liquid waste (m3) 0.0223 
Treatment of wastewater, average, capacity 4.7E10 
l/year [CH] 
Specific to the technology mix encountered 
in Switzerland in 2000. Well applicable to 
modern treatment practices in Europe. 
Sodium sulphate (kg) 0.109 
Treatment of inert waste, sanitary landfill [Europe 
without Switzerland] 
- 
Steam Steam (kg) 7.07 Market for steam, in chemical industry [GLO] - 
Electricity Electricity (kWh) 0.613 Market group for electricity, medium voltage [RER] - 
a CTA degree of substitution equal to 2.8 




1.6 LCA RESULTS AND INTERPRETATION 
1.6.1 CTA fabrication 
USEtox ecotoxicity, USEtox human toxicity, IPCC GWP100a and ReCiPe endpoint results for the 
fabrication of 1 kg of CTA equal 41 CTU, 2.9 10-6 CTU, 10 kg CO2-eq and 1.3 pts respectively.  
Figure III.3 shows the predominance of acetic anhydride as environmental contributor (57-71% 
depending on the assessment method). The second and third greatest contributors for all four 
assessment methods are acetic acid and steam (12-15% and 5-22% respectively). Note should be 
taken that electricity impacts in an insignificant manner (2-4%). An even lower contribution of 

















Figure III.3 CTA fabrication − Contribution of process inputs and waste to (a) USEtox ecotoxicity, (b) USEtox human toxicity, 
(c) IPCC GWP100a and (d) ReCiPe total endpoint results 
 
As shown in Figure III.4, the fabrication of CTA mainly impacts on fossil depletion (0.57 pts) and 
climate change (0.28 pts for human health and 0.18 pts for ecosystem quality). With the exception of 
agricultural land occupation, the majority of impacts for every impact category is attributable to the 
fabrication of acetic anhydride. 
 





Figure III.4 CTA fabrication − Contribution of process inputs and waste to ReCiPe endpoint results 
 
1.6.2 Membrane fabrication process 
As presented in Table III.1, process inputs and waste of the conventional membrane fabrication 
process have been divided into three categories: 
 
- Membrane fabrication: all process inputs and waste except those involved in solvent and 
polymer fabrication;  
- Solvent fabrication; 
- Polymer fabrication.  
 
USEtox ecotoxicity, USEtox human toxicity, IPCC GWP100a and ReCiPe endpoint results for the 
fabrication of 1 m2 of conventional membrane equal 53 CTU, 5.1 10-6 CTU, 11 kg CO2-eq and 1.9 pts 
respectively.  
Contributions of each of the three categories are shown in Figure III.5. USEtox and ReCiPe endpoint 
results reveal similar trends: membrane fabrication accounts for approximately two-thirds (59-66%), 
solvent fabrication for a quarter (25-29%) and polymer fabrication for the remaining portion (9-12%) 
of the scores. For IPCC GWP100a results, the difference in contribution between membrane and 
solvent fabrication is smaller (40 and 45% respectively). Polymer fabrication remains the least 
important contributor to environmental impacts (15%).      
  
























Figure III.5 Conventional membrane fabrication − Contribution of categorized process inputs and waste to (a) USEtox 
ecotoxicity, (b) USEtox human toxicity, (c) IPCC GWP100a and (d) ReCiPe total endpoint results 
 
More specifically and as shown in Table III.4, 50.7%, 24.5% and 24.8% of the total endpoint score 
concern ecosystem quality, human health and resources, respectively. Concerning endpoint impact 
categories, agricultural land occupation due to membrane fabrication accounts for 36.1% of the total 
enpoint score. The second contribution is fossil depletion due to solvent fabrication (10.7%).  
 
Agricultural land occupation impact of membrane fabrication is almost exclusively due to glycerol 
fabrication (99.6%): oil seed crops (rape oil, soybean oil, palm oil) are esterified to obtain the 
chemical. 
 
For sake of clarity, process inputs and waste are grouped in clusters for the study of membrane 
fabrication alone (see Figure III.6). Compositions of clusters are found in Table III.1. Liquid and solid 
waste is for example grouped in the cluster “waste”. 
 
In Figure III.6, the impact of glycerol fabrication clearly appears: 62, 55 and 76% of the USEtox human 
toxicity, GWP100a and ReCiPe endpoint scores, respectively. The contribution to USEtox ecotoxicity 
is comparatively smaller (35%).  




Table III.4 Conventional membrane fabrication − Contribution of ReCiPe endpoint impact categories to the total score 







ECOSYSTEM QUALITY 43.9 4.4 2.4 50.7 
Agricultural land occupation 36.1 0.4 0.9  
Climate change 4.4 3.8 1.5  
Freshwater ecotoxicity 0.0 0.0 0.0  
Freshwater eutrophication 0.0 0.0 0.0  
Marine ecotoxicity 0.0 0.0 0.0  
Natural land transformation 2.2 0.1 0.1  
Terrestrial acidification 0.0 0.0 0.0  
Terrestrial ecotoxicity 1.0 0.0 0.0  
Urban land occupation 0.2 0.0 0.0  
HUMAN HEALTH 11.5 9.6 3.5 24.5 
Climate change 6.9 6.1 2.3  
Human toxicity 1.3 1.1 0.4  
Ionising radiation 0.0 0.0 0.0  
Ozone depletion 0.0 0.0 0.0  
Particulate matter formation 2.8 2.2 0.7  
Photochemical oxidant formation 0.4 0.1 0.1  
RESOURCES 8.8 11.1 4.8 24.8 
Fossil depletion 8.3 10.7 4.7  
Metal depletion 0.5 0.5 0.2  
 
Three other important contributors to environmental impacts are waste, adhesives and module 
components. 
 
The “waste” cluster significantly impacts on ecotoxicity and human toxicity (35% and 13% 
contribution respectively). Waste’s impact is for the most part attributable to solid waste treatment 
by incineration: 92% and 56% contribution to USEtox ecotoxicity and human ecotoxicity respectively. 
As shown in Figure III.7, solid waste is in great part generated during the cutting stage and composed 
of adhesive rejects (48%) along with the liquid phase comprised in reject fibre pores and lumens 
(39%). The polymeric phase of reject fibres only accouts for 10% of total solid waste during 
conventional membrane fabrication.  
 
Adhesive and module components have similar contributions to environmental impacts (6-15% and 
7-16% respectively, depending on the assessment method). Between 83% and 98% of impacts linked 
to the “module components” cluster is due to glass fibre fabrication for module housings. This value 
is in line with the high mass contribution (i.e. 85%) of the chemical to the cluster’s total mass. 
Regarding the “adhesive” cluster, epoxy resin fabrication accounts for the majority of impacts (56-
83%); this chemical contributes 53% of the cluster’s total mass. It should be reminded that the 
hardener has been approximated to a generic organic chemical because its corresponding unit 
process is absent in the ecoinvent database.        




















Figure III.6 Conventional membrane fabrication only (excluding solvent and polymer fabrication) − Contribution of cluster 







Figure III.7 Conventional membrane fabrication only (excluding solvent and polymer fabrication) − Solid waste composition 
 
The contribution of energy (electricity and natural gas together) is limited to 4-9% of scores. An 
explanation for the limited impact of energy and electricity in particular is the French electricity mix 
used in this study. The membrane fabrication plant is indeed assumed to be located in France. The 
French electricity mix largely relies on nuclear energy and thereby generates reduced fossil depletion 
and climate change impacts compared to other countries’ electricity mixes.   
 




1.7 SENSITIVITY ANALYSIS 
The sensitivity of environmental scores to variations in several parameters for membrane fabrication 
has been studied. The tested ranges are given in Table III.5 and results in Table III.6. For electricity 
and gas consumptions, values of the measured inventory as opposed to the modelled inventory have 
been taken for the sensitivity analysis.  
 
Table III.5 Conventional membrane fabrication − Parameters and value ranges for sensitivity analysis 
Parameter Unit Reference 
For sensitivity analysis 
Minimum Maximum 
Glycerol source - Global French waste cooking oila 
Electricity source - French Europeanb 
NMP in WWTPc effluent % 0 100 
Ratio pre-conditioning fluid input flow : 
output flow 
- 5 4 6 
Polymer mass fraction in polymer solution - 0.20 0.15 0.25 
Electricity consumption kWh m-2 3.35 5.87 
Gas consumption m3 m-2 0.17 0.24 
Dissipated power density during polymer 
solution stirring 
kW m-3 15 5 25 
Spinning speed m min-1 20 10 30 
Thermal transfer efficiency for discontinuous 
unit operations 
- 0.15 0.10 0.20 
a ecoinvent process unit: treatment of waste cooking oil, purified, esterification [FR]. 
b ecoinvent process unit: market group for electricity, medium, voltage [RER]. 
c wastewater treatment plant. 
 
Environmental scores are highly sensitive to the glycerol source. Depending on the assessment 
method, impacts decrease by 19 to 49% when using glycerol fabricated from purified waste cooking 
oil instead from oil seed crops. The greater the initial impact of glycerol, the greater the decrease; 
the 49% decrease corresponds to the ReCiPe endpoint score for which glycerol initially contributes 
76%. The same holds for the second parameter directly involving glycerol (i.e. ratio between the pre-
conditioning fluid’s input and output flows) but to a lesser extent: impacts vary by 4 to 10% for a 20% 
change in ratio.  
 
A 25% change in polymer mass fraction in the polymer solution impacts on environmental scores in a 
very insignificant manner (0-1% absolute change). The polymer mass fraction affects, among other 
things, on the volume of pores formed during coagulation and therefore on the quantity of glycerol 
taken up during pre-conditioning. However the 25% change in polymer mass fraction leads to a low 
3% change in glycerol input.      





Only the USEtox ecotoxicity score is sensitive (15%) to considering NMP, present in liquid waste, as 
non-degraded during wastewater treatment. In that case, NMP is found in the WWTP’s effluent and 
is emitted to water, soil and air compartments. The USEtox human health score nonetheless shows 
that effects of these emissions on human health are insignificant. Impacts are null for GWP100a and 
ReCiPe scores since NMP’s toxicity is absent from the two evaluation methods’ databases.  
 
As regards the source of electricity, impacts increase by 7 to 12% when using an European electricity 
mix instead of French electricity. Despite this moderate change, electricity remains a minor 
contributor to environmental impacts compared to glycerol and “waste”, “module components” and 
“adhesive” clusters.  
 
For membrane fabrication in general, energy (i.e. electricity and gas) is a minor contributor to 
environmental impacts. For this reason, impacts are nearly insensitive to five studied parameters: 
electricity and gas consumptions, dissipated power density during polymer solution stirring, spinning 
speed and thermal transfer efficiency for discontinuous unit operations.  
 
Environmental impacts vary insignificantly by 0 to 4% when using energy and gas consumptions of 
the measured inventory instead of the modelled inventory. It can be concluded that potential 
uncertainties of these two consumptions have little impact. 
 
Dissipated power density during polymer solution stirring has been studied since it is directly related 
to the polymer solution’s viscosity (in laminar flow regime) and density (in turbulent flow regime). 
Insensitivity to dissipated power density reveals an insensitivity to polymer solution’s viscosity and 
density in the studied range [-67%; +67%]. For a dissipated power density both outside the range and 
considered too high for membrane fabrication with the defined equipment, a sound industrial logic 
would be to use a more appropriate stirrer (e.g. anchor stirrer for fluid viscosity ~102 Pa.s (Kresta et 
al., 2015)).   
 
The spinning speed impacts on the spinning time required for a given polymer solution batch. Time-
dependent energy consumptions, such as those related to bundling, lighting and heat loss 
compensation during extrusion are thus impacted by varying spinning speeds. As can be seen in 
Table III.6, environmental impacts are very insensitive to these variations.     
 
Table III.6 Conventional membrane fabrication − Sensitivity analysis 
Parameter, impact assessment method 
Percentage change (%) 
Minimum Maximum 
Glycerol source   
   USEtox ecotoxicity (CTU) -19 
   USEtox human toxicity (CTU) -40 




   IPCC GWP100a (kg CO2-eq) -23 
   ReCiPe endpoint (pts) -49 
Electricity source    
   USEtox ecotoxicity (CTU) 10 
   USEtox human toxicity (CTU) 9 
   IPCC GWP100a (kg CO2-eq) 12 
   ReCiPe endpoint (pts) 7 
NMP biodegradation  
   USEtox ecotoxicity (CTU) 15 
   USEtox human toxicity (CTU) 0 
   IPCC GWP100a (kg CO2-eq) 0 
   ReCiPe endpoint (pts) 0 
Ratio pre-conditioning fluid input flow : output flow   
   USEtox ecotoxicity (CTU) -4 4 
   USEtox human toxicity (CTU) -8 8 
   IPCC GWP100a (kg CO2-eq) -5 5 
   ReCiPe endpoint (pts) -10 10 
Polymer mass fraction in polymer solution   
   USEtox ecotoxicity (CTU) -1 1 
   USEtox human toxicity (CTU) 0 0 
   IPCC GWP100a (kg CO2-eq) -1 1 
   ReCiPe endpoint (pts) 0 0 
Electricity consumption  
   USEtox ecotoxicity (CTU) 4 
   USEtox human toxicity (CTU) 2 
   IPCC GWP100a (kg CO2-eq) 1 
   ReCiPe endpoint (pts) 1 
Gas consumption   
   USEtox ecotoxicity (CTU) 0 
   USEtox human toxicity (CTU) 0 
   IPCC GWP100a (kg CO2-eq) 0 
   ReCiPe endpoint (pts) 1 
Dissipated power density during polymer solution stirring    
   USEtox ecotoxicity (CTU) -1 1 
   USEtox human toxicity (CTU) 0 0 
   IPCC GWP100a (kg CO2-eq) 0 0 
   ReCiPe endpoint (pts) 0 0 
Spinning speed   
   USEtox ecotoxicity (CTU) 1 0 
   USEtox human toxicity (CTU) 1 0 
   IPCC GWP100a (kg CO2-eq) 0 0 
   ReCiPe endpoint (pts) 0 0 
Thermal transfer efficiency for discontinuous unit 
operations 
  




   USEtox ecotoxicity (CTU) 0 0 
   USEtox human toxicity (CTU) 0 0 
   IPCC GWP100a (kg CO2-eq) 0 0 
   ReCiPe endpoint (pts) 0 0 
 
1.8 CONCLUSIONS 
The LCA of conventional membrane fabrication highlights the significant contributions of solvent and 
membrane fabrication to USEtox, GWP100a and ReCiPe endpoint scores. Polymer fabrication 
contributes the least and does not appear as an interesting action lever for mitigating environmental 
impacts. 
 
Solvent fabrication has a significant impact on the "fossil depletion" impact category, which is in 
accordance with the petrochemical origin of NMP. Opportunities for a biosourced solvent are to be 
considered.   
 
For membrane fabrication the three most impactful materials are glycerol, glass fibre and epoxy 
resin. Glycerol accounts for the majority of environmental scores, notably due to the "agricultural 
land occupation" impact category. On-site glycerol recovery from aqueous waste is an option to 
reduce environmental impacts and was implemented industrially for several years. The evaporation 
unit was however shut down due to quality problems: residual solvent remained after coagulation 
and rinsing, and accumulated in the recovered glycerol. Other options are to:    
 
- Improve solvent removal during rinsing so as to recover glycerol from the pre-conditioning 
aqueous waste without any residual solvent; 
- Use glycerol originating from purified waste cooking oil; 
- Substitute glycerol by another viscous liquid with less environmental impacts; 
- Search for adhesives less sensitive to residual water that would allow to eliminate pre-
conditioning altogether; 
- Modify the assembly method of hollow fibres inside the membrane housing in order to eliminate 
pre-conditioning and chemical adhesion from the membrane fabrication process.      
  




2 LCA OF CONVENTIONAL MEMBRANE OPERATION 
 
2.1 GOAL AND SCOPE 
In an analogous manner as for conventional membrane fabrication, the goal of this LCA is to assess 
the contribution of material and energy on the environmental impacts of operation of conventional 
hollow fibres.  
 
As a reminder, the function of such conventional membranes is to provide ultrafiltered water for 
drinking purposes. The functional unit represents 1 m3 of ultrafiltered water. The product system 
consists of an UF unit composed of 55 m2 hollow fibre modules. 
 
The system boundaries consider membrane operation only. The UF unit is operated in France. Its 
construction and associated building is included. The system boundaries include the transport of 
inputs and waste from and to the UF unit.  
 
The LCA is based on the ecoinvent v3.4 database and carried out with Umberto LCA+ v10.0 software. 
The system model used with ecoinvent is the APOS. 
 
2.2 INVENTORY ANALYSIS AND IMPACT ASSESSMENT 
As shown in Figure III.8, the modelled inventory of scenario A-1 obtained from the membrane 
operation model (see Chapter II.2) is based on literature data. 
 
 
Figure III.8 Membrane operation − Determination of modelled inventory 
 
Main input parameter values of scenario A-1 are reminded in Table III.7.  




Table III.7 Scenario A-1 ─ Key input parameter values 
Input parameter Unit Scenario A-1 
Input water turbidity NTU 1 
Input water TOC  mg L-1 1 
   
Filtration cycle duration min 60 
Filtration flux L h-1 m-2 100 
   
End-of-life operating life  year 15 
End-of-life permeability L h-1 m-2 bar-1 100 
   
Fouling rate m-1 -7.9 10-3 
BW efficiency - 0.95 
CIP efficiency - 0.95 
 
Process inputs and waste associated with module operation in scenario A-1 are given in Table III.8. 
 
For the LCA, the same three evaluation methods have been chosen as for membrane fabrication:  
- ReCiPe endpoint method with the hierarchist cultural perspective taken as default model; 
- IPCC's 2007 GWP100a; 
- USEtox method (ecotoxicological and human health impacts of chemicals). 
 
2.3 INVENTORY COMPARISON 
As shown in Table III.9, modelled values of scenario A-1 as regards electricity and sodium 
hypochlorite consumptions are compared to literature values. Relatively low discrepancies are 
obtained for sodium hypochlorite consumptions; the modelled value is respectively 2.4 and 5 times 
lower. The modelled value for electricity consumption is also consistently lower than literature 
values. This is expected for Friedrich's (2002) value range since it includes electricity consumptions of 
sand filtration and chlorination on top of UF. Igos et al.'s (2014) and Godkesen et al.'s (2013) 
electricity values are at the most 6 times greater than the modelled value. 
Details of operating pressures or membrane material are however not given in these two references, 
which hinders complete analysis. Several possible hypotheses to explain the higher values may be: 
- harsher operating conditions (e.g. higher imposed flux) leading to higher average TMP; 
- a membrane material with a lower permeability and/or higher fouling propensity; 
- lower-quality input water (e.g. due to differences in water resource or performances of upstream 
pretreatment process) that causes greater permeability decline; 
- different system design with higher head losses. 
These hypotheses are supported by results obtained by Igos et al. (2014) for two drinking water 
plants operating with two different water resources and involving an UF stage.




Table III.8 Scenario A-1 − Modelled inventory and ecoinvent unit processes for conventional membrane operation 
Category Cluster Process inputs and waste 
Quantity (per m3 
ultrafiltered water) 
Ecoinvent v3.4 unit process 
Membrane 
operation 
BW chemical Sodium hypochlorite (kg) 1.2 10-4  
Market for sodium hypochlorite, without water, in 15% 
solution state [GLO] 
    
CIP chemical 
Citric acid (kg) 2.9 10-6  Citric acid production [RER] 
Ammonia (kg) 5.2 10-7  Market for ammonia, liquid [RER] 
 Sodium hydroxide (kg) 6.0 10-7  
Market for sodium hydroxide, without water, in 50% 
solution state [GLO] 
    
Waste 
BW liquid waste (m3) 4.8 10-2 -a 
CIP Phase 1 to 4 liquid waste (m3) 1.1 10-5 
Treatment of wastewater, average, capacity 4.7E10L/year 
[CH] 
CIP Phase 5 liquid waste (m3) 2.4 10-5 -b 
    
Electricity Electricity (kWh) 3.4 10-2 Market for electricity, medium voltage [FR] 
     
 Factory Factory (unit) 9.1 10-11   
Water works construction, capacity 1.1E10L/year, 
ultrafiltration treatment [Europe without Switzerland]c 
a Feed to an upstream settling tank (Coehlo et al., 2019). 
b Discharge to a surface waterbody. 
c
 This Ecoinvent unit process includes the membrane housing. To avoid double counting, the contribution of the membrane housing is deducted from the 
unit process. The membrane housing is thus only considered in the cluster “Membrane” of membrane fabrication.




The model in this work is also based on several assumptions and simplifications that may 
underestimate electricity and sodium hypochlorite consumptions: 
- constant input water quality: the lack of turbidity peaks after heavy rainfall for example avoids 
sudden permeability decline and rise in TMP, or possible one-time sodium hypochlorite 
injections; 
- constant filtration flux: module rotation is not taken into account and, as a result, modules in the 
model operate continuously at a fixed filtration flux. Such a stable state avoids pressure 
variations due to hydraulic shocks;  
- no shutdown: extra electricity for pump restart is not accounted for, nor extra sodium 
hypochlorite for module shutdown. 
 
Table III.9 Conventional membrane operation − Comparison between modelled inventory and the literature 
Process input  
(per m3 ultrafiltered water) 
Scenario A-1 Friedrich (2002) Igos et al. (2014) 
Godkesen et al. 
 (2013) 
Electricity (kWh) 0.034 0.50 − 0.72 0.097 − 0.16 0.21 
Sodium hypochlorite (kg) 1.2 10-4  − 6.0 10-4 2.9 10-4 
 
2.4 LCA RESULTS AND INTERPRETATION 
In scenario A-1, USEtox ecotoxicity, USEtox human toxicity, IPCC GWP100a and ReCiPe endpoint 
results for the operation of conventional membranes to obtain 1 m3 of output water equal 4.4 10-2 
CTU, 2.7 10-9 CTU, 4.1 10-3 kg CO2-eq and 4.6 10-4 pts respectively.  
 
Process inputs and waste are grouped in clusters for the study of their respective contributions. 
Compositions of clusters are found in Table III.8. Citric acid, ammonia and sodium hydroxide are for 
example grouped in the cluster “CIP chemical”. 
 
As shown in Figure III.9, two clusters are predominant regarding environmental scores: electricity 
production and BW chemical fabrication. The “BW chemical” cluster accounts for 45-57% of USEtox 
human toxicity, GWP100a and ReCiPe total endpoint results, and “electricity” for 42-51%. 
Discrepancies between the two clusters are greater for USEtox ecotoxicity results: two-thirds and a 
quarter of contributions for electricity production and BW chemical fabrication respectively. 
 
As shown in Figure III.10 (a), intake pumping accounts for the major part of electricity consumption. 
BW pumping only contributes 9.9% to electricity. The contribution of CIP pumping is furthermore 
insignificant (less than 0.1%).  
 
The third contributor to environmental scores is the “factory” cluster with contributions that do not 
exceed 5%. Choosing “water works construction […], ultrafiltration treatment” as ecoinvent unit 
process for the “factory” cluster is a strong assumption since the ecoinvent dataset is extrapolated 




from a small nanofiltration treatment plant (1,500 m3 day-1, 60 years lifetime) to a medium-sized 
plant based on cost curves. A major source of uncertainty comes from the cost scaling factors that 
are outside the reported range of validity (i.e. capacities between 3,785-378,540 m3 day-1). Using the 
ecoinvent unit process gives a first order of magnitude and can be further refined with a more 
relevant dataset.       
 
For scenario A-1, the clusters “CIP chemical” and “waste” contribute in an insignificant manner to all 



















Figure III.9 Scenario A-1 − Contribution of cluster process inputs and waste for membrane operation only (excluding 
membrane fabrication) to (a) USEtox ecotoxicity, (b) USEtox human toxicity, (c) IPCC GWP100a and (d) ReCiPe total 
endpoint results 
 
Figure III.10 Scenario A-1 ─ Contribution of operating modes to electricity consumption 




As regards ReCiPe results, three endpoint impact categories account together for around 75% of total 
endpoint impacts: fossil depletion and climate change (for both human health and ecosystem 
quality). For each category, distributions between the clusters “BW chemical” and “electricity” are 
between 55 and 57% for the former, and between 42 and 44% for the latter. These distributions are 
similar to those for total ReCiPe endpoint scores (see Figure III.11). 
 
 
Figure III.11 Scenario A-1 – Contribution of cluster process inputs and waste for membrane operation only (excluding 
membrane fabrication) to ReCiPe endpoint results 
 
2.5 SENSITIVITY ANALYSIS 
The sensitivity of environmental scores to variations in several parameters for membrane operation 
has also been studied. This sensitivity analysis focuses on observed trends and not on absolute values 
of each scenario.  
 
2.5.1 Scenario description 
Four plausible scenarios are elaborated based on scenario A-1. The module operating life is reached 
when permeability reaches 100 L h-1 m-2 bar-1 after a BW. It can thus be different from 15.0 years, 
unlike in scenario A-1. Only several other parameters differ between the four scenarios and scenario 
A-1: 
- Scenario B – BW flux: BW efficiency increases arbitrarily to 0.97 due to an increase in BW flux 
from 250 to 300 L h-1 m-2. A greater operating life is expected; 
 
- Scenario C – filtration flux: filtration flux increases from 100 to 130 L h-1 m-2. The filtration cycle 
duration is adapted from 60 to 46 min to maintain the deposited mass during a filtration cycle 
constant. The relative permeability decline during a filtration cycle thus also remains the same, 
and so does BW efficiency. A lower number of modules and a higher average TMP during 
filtration are expected; 
 




- Scenario D-1 – TOC: the input water quality is degraded from 1 to 2 mg TOC L-1. As a result, the 
fouling rate increases (in absolute value) and BW efficiency falls. Arbitrary values of -8.1 10-3 m-1 
and 0.93 are taken. A lower operating life is expected; 
 
- Scenario D-2 – TOC and CIP chemical concentration: the same conditions as those for scenario 
D-1 are taken. A greater CIP chemical concentration is however taken (3 instead of 1.5 g L-1). CIP 
efficiency thus rises. An arbitrary value of 0.97 is taken. This scenario allows to study the 
influence of CIP efficiency as compared to BW efficiency.  
 
Values that differ between the four aforementioned scenarios and scenario A-1 are summarized in 
Table III.10. 
 
Table III.10 Scenarios B to D-2 – Parameters different from scenario A-1 
Input parameter Scenario 
Category User-defined parameter Unit A-1 B C D-1 D-2  
Input water quality Input_Water_TOC  mg L-1 1 - - 2 2  
Filtration operating 
conditions 
Specification_Filtration_Cycle_Duration min 60 - 46 - -  
Specification_Filtration_Flux L h-1 m-2 100 - 130 - -  
BW operating conditions BW_Flux L h-1 m-2 250 300 - - -  
CIP operating conditions CIP_Chemical_Concentration (Phase 1) g L-1 1.5 - - - 3  
Model-defined parameter       
End-of-life conditions End_Of_Life_Operating_Life  year 15 no max no max no max no max  
         
         
Regression function Parameter Unit 
Scenario 
A-1 B C D-1 D-2  
Fouling rate vF m-1 -7.9 10-3 - - -8.1 10-3 -8.1 10-3  
BW efficiency %BW - 0.95 0.97 - 0.93 0.93  
CIP efficiency %CIP - 0.95 - - - 0.97  
 
As shown in Table III.11, values of calculated parameters meet all expectations for scenarios B, C and 
D-1: 
- Scenario B: the operating life more than doubles compared to scenario A-1 (from 15.0 to 37.9 
years) due to increased BW efficiency by 2%; 
- Scenario C: the number of modules is 192 compared to 252 in scenario A-1, and the average TMP 
during filtration rises from 0.60 to 0.79 bar. These variations are proportional to the increased 
filtration flux; 
- Scenario D-1: the operating life falls from 15.0 to 10.2 years.  
For scenario D-2, the increased CIP efficiency offsets the decreased BW effiency. Indeed, the 
operating life (i.e. 16.0 years) is greater than in scenarios A-1 and D-1. 
 




Table III.11 Scenarios B to D-2 – Key calculated parameters compared to scenario A-1 
Parameter  
Scenario 
A-1 B C D-1 D-2 
Operating cycle duration (day) 365 365 296 265 265 
Module operating life (year) 15.0 37.9 11.3 10.2 16.0 
Number of modules (no unit) 252 252 192 252 252 
Filtration average TMP (bar) 0.60 0.59 0.79 0.60 0.60 
 
The question that arises now is whether these variations are significant from an environmental point 
of view. 
 
2.5.2 LCA results and interpretation 
Environmental scores and contributions of cluster process inputs and waste for membrane operation 
only are very similar between scenarios B, D-1, D-2 and scenario A-1: percentage changes are 2% at 
the most (see Table III.12 and Figure III.12). This is not surprising since average TMP during filtration, 
BW frequency and duration are similar or identical. It is furthermore known that intake pumping 
contributes to more than 90% to electricity consumption and that the two clusters “electricity” and 
“BW chemical” are the greatest contributors to environmental scores. Not only are electricity and 
BW chemical consumptions similar between these scenarios, water recovery rates are too (i.e. 0.95). 
Specific electricity and BW chemical consumptions are thus also similar. 
 
It can be concluded that environmental scores are insensitive to the studied variations of (vF, %BW, 
%CIP) in scenarios B, D-1 and D-2. This should however not be generalized since other operating 
conditions could lead to these same variations of (vF, %BW, %CIP) but to different environmental 
scores.  
It can for example be reminded that the final permeability in all scenarios equals 100 L h-1m-2 bar-1. 
Differences in final permeability, and consequently in average TMP during filtration, may be 
observed if the limiting end-of-life condition were different (e.g. number of BW cycles, “c x t” for 
chlorine).  
The filtration cycle duration in the three scenarios is also the same as in scenario A-1. Changing this 
filtration cycle duration would impact on BW efficiency, as well as on specific consumptions.  
The influence of (vF, %BW, %CIP) should then be reassessed under these other operating conditions. For 
both cases, the prerequisite is to determine precisely the end-of-life thresholds and the influence of 

































Figure III.12 Scenarios A-1 to D-2 − Contribution of cluster process inputs and waste for membrane operation only (excluding membrane fabrication) to (a) USEtox ecotoxicity, (b) USEtox 
human toxicity, (c) IPCC GWP100a and (d) ReCiPe total endpoint results 




Table III.12 Scenarios B to D-2 – Percentage change in environmental scores compared to scenario A-1 
Environmental scores  
Percentage change (%) compared to scenario A-1 
Scenario 
B C D-1 D-2 
USEtox ecotoxicity 2 48 0 0 
USEtox human toxicity 1 36 0 0 
IPCC GWP100a 1 29 0 1 
ReCiPe endpoint 1 30 0 1 
 
A high sensitivity of environmental scores to changes in filtration flux and filtration cycle duration is 
observed; depending on the considered evaluation method, scores are 29 to 48% greater in scenario 
C compared to scenario A-1 (see Table III.12). Contributions of electricity production rise at the 
expense of BW chemical fabrication: from 44-68% in scenario A-1 to 58-78% in scenario C. It can be 
concluded that the influence of the increased filtration flux in scenario C is greater than that of the 
increased BW frequency, regardless of the evaluation method or ReCiPe endpoint impact category.  
 
2.6 CONCLUSIONS 
LCA results show that environmental impacts may be sensitive to changes in operating conditions, 
notably when considering filtration flux and filtration cycle duration. This demonstrates the relevance 
of such a parameterized model of the membrane operation stage, as compared to conducting a LCA 
with fixed operating conditions. It moreover promotes the improvement of the accuracy and 
robustness of the model, so as to investigate other scenarios and further develop cause-effect 
relationships between operating conditions and environmental impacts.     
 
These initial results put forth the predominant contributions of electricity production and BW 
chemical fabrication to USEtox, GWP100a, ReCiPe endpoint scores for the five considered scenarios. 
The production of CIP chemicals and the treatment of the corresponding liquid waste do not 
contribute in a significant manner.  
 
In the model of membrane filtration, electricity consumption is due to pumping only. Mitigation 
strategies related to electricity consumption can thus consist in mitigating the total dynamic head of 
the system as well as its variations, in particular during intake pumping. The preceding environmental 
results validate certain research efforts that have been undertaken since the development of UF 
membranes for drinking water purposes and which concern the following axes: 
 
- Membrane fabrication: fabricating more permeable and/or low-fouling membranes. Modifying 
operating conditions of the membrane fabrication process (e.g. polymer solution composition, 
mixing and coagulation temperatures) can allow to fine-tune membrane permeability, with 
trade-offs to be made with selectivity. Membrane materials also greatly influence on 




permeability and a comparative analysis would allow to holistically measure this. For a given 
material, surface modification is an option to increase the surface hydrophilicity and act on the 
membrane’s fouling propensity.  
 
- Membrane operation: investigating appropriate operating conditions for both filtration and 
cleaning sequences. The initial results encourage to further examine the operation at a low 
filtration flux as a mitigation strategy. Efficiently recovering permeability during backwashing, 
cleaning-in-place or any other variations of these cleaning sequences is another crucial issue in 
managing the system’s total dynamic head.  
 
- Rack and module design: optimizing configurations to minimize head loss, especially minor head 
loss, through an analysis of the piping components of the hydraulic network (e.g. valve, elbow, 
their material, pipe diameter…). 
 
Mitigating impacts from BW chemical consumption can first of all consist in adjusting BW operating 
conditions (i.e. injection time, concentration) to avoid overconsumption due to precautionary 
measures. Reducing BW chemical consumption can go hand in hand with an overall strategy to 
operate in an extensive mode with lower filtration flux, longer filtration cycles and milder cleaning 
conditions. Other types of microbial proliferation prevention can also be considered (e.g. adapted 








3 LCA OF CONVENTIONAL MEMBRANES  
 
3.1 GOAL AND SCOPE 
The goal of this LCA is to assess the contribution of material and energy on environmental impacts of 
the entire life cycle of conventional hollow fibres. Three life cycle stages are considered: 
- Membrane fabrication:  process inputs and waste involved in the fabrication of membranes (i.e. 
membrane, polymer and solvent fabrication combined); 
- Membrane operation: process inputs and waste involved in the use of membrane modules on a 
drinking water plant; 
- Membrane end-of-life: process inputs and waste involved in the disposal by incineration of 
membrane modules (i.e. fibre, adhesive, grid, membrane housing, auxiliary equipment). 
 
What differ from the LCA of membrane operation are the system boundaries. Here, the life cycle of 
membranes is considered and not membrane operation alone. The function of such conventional 
membranes remains the provision of ultrafiltered water for drinking purposes. The functional unit 
represents 1 m3 of ultrafiltered water. The product system consists of an UF unit composed of 55 m2 
modules and operated in France. 
 
The LCA is based on the ecoinvent v3.4 database and carried out with Umberto LCA+ v10.0 software. 
The system model used with ecoinvent is the APOS. 
 
3.2 INVENTORY ANALYSIS AND IMPACT ASSESSMENT 
The inventories of membrane fabrication and membrane operation are listed in previous sections 
(Chapter III.1 and III.2). The end-of-life of membrane modules is based on industrial practices, which 
corresponds to their incineration. Table III.13 lists the corresponding process inputs and waste of this 
end-of-life option. 
 
Table III.13 Membrane end-of-life − Inventory 
Category Cluster Process inputs and waste 
Quantity (per m2 
conventional membrane) 




CTA waste (kg) 0.121 
Treatment of municipal solid 
waste, incineration [FR] 
Epoxy resin waste (kg) 0.0644 
Hardener waste (kg) 0.0347 
Glass fibre waste (kg) 0.255 
Polyethylene waste (kg) 0.0391 
Polyvinylchloride waste (kg) 3.64 10-4 
Noryl waste (kg) 6.36 10-3 
 
Three evaluation methods are used for the LCA:  
- ReCiPe endpoint method with the hierarchist cultural perspective taken as default model; 




- IPCC's 2007 GWP100a; 
- USEtox method (ecotoxicological and human health impacts of chemicals). 
 
3.3 LCA RESULTS AND INTERPRETATION 
Environmental scores of the membrane's entire life cycle (i.e. all three stages ─ fabrication, operation 
and end-of-life) are identical to those of the membrane operation stage (see  
Figure III.14 (a) to (d)). To be more precise, the maximum change compared to membrane operation 
scores equals 0.2%. Regardless of the considered scenario or evaluation method, membrane 
operation contributes to over 99.9% of scores related to the membrane's life cycle. Contributions of 
process inputs and waste at the level of the life cycle are thus also identical to those at the level of 
the membrane operation stage.  
 
Figure III.13 shows relative environmental scores between the membrane operation and fabrication 
stages. Values ranging from 5,900 to 76,800 illustrate the predominance of the membrane operation 
stage. For all five scenarios, the USEtox methods (eco- and human toxicity) always obtain the highest 
values (13,100-76,800) and the ReCiPe endpoint method the lowest (5,900-22,200). When 
considering specific ReCiPe impact categories, the ratio between scores of the operation and 
fabrication stages spans from 177 to 687,000. Only eight cases exist for which this ratio is below 
1,000 (see Table III.14). The greatest contribution of the fabrication stage is for terrestrial ecotoxicity 
in scenario D-1: fabrication accounts for 0.3% of total scores if the end-of-stage is considered 
negligible. It can be concluded that the fabrication stage does not impact in any significant manner to 
a given impact category.  
 
 
Figure III.13 Scenarios A-1 to D-2 ─ RelaTve environmental scores of membrane operaTon to membrane fabrication 
 

























Table III.14 Conventional membrane − Impact categories with ratio “operation score: fabrication score” below 1,000 










   







Figure III.15 shows relative environmental scores between the membrane operation and end-of-life 
stages. Values range from 59,000 to 2,600,000. This means that membrane end-of-life impacts 3 to 
120 times less on total scores than membrane fabrication. For all five scenarios, the opposite trend is 
observed compared to Figure III.13; the USEtox methods (eco- and human toxicity) always obtain the 
lowest values (59,000-550,000) and the ReCiPe method the highest (690,000-2,6000,000). The lowest 
ratio for any given ReCiPe impact category equals 9,400 (freshwater ecotoxicity in scenario D-1). In 
that specific case, membrane end-of-life contributes to less than 0.01% of total scores.  
 
 
Figure III.15 Scenarios A to F ─ RelaTve environmental scores of membrane operaTon to membrane end-of-life 
 
Analyzing these results in the light of the literature is not easy since studies deal with LCAs of drinking 
water plants and not, as in our case, of membrane modules. In both Friedrich’s (2001, 2002) study on 
a virtual sand filtration/UF/chlorination process and Bonton et al.’s (2012) LCA of an operating NF 
plant, stages that have the greatest environmental impact are, in ascending order, decommissioning, 
construction and operation. Construction and decommissioning include civil construction (e.g. 
building walls, tanks…) and are thus not comparable to membrane fabrication and end-of-life. It can 
simply be noted that the same ascending order has been observed in the LCA of membrane modules. 






The predominant contribution of the operation stage on environmental impacts compared to the 
membrane fabrication and end-of-life stages calls for research and development focus on the 
operation stage. The fabrication stage should however not be omitted since choices on the 
membrane material or phase inversion conditions, for example, largely determine membrane 
performances during the operation stage (i.e. permeability, fouling propensity…).  
An interesting improvement strategy can thus entail changes in the fabrication process and to study 
the impact on the membrane’s life cycle, in particular during its operation. Given the sensitivity of 
final membrane properties to fabrication operating conditions and difficulties to quantitavely predict 
these relationships, a first step can be to implement a single change. LCA results of membrane 
fabrication highlighted opportunities for the substitution of common petrochemical, and moreover 
reprotoxic, solvents by biosourced solvents. A first step can thus involve the use of biosourced 
solvents in the fabrication of membranes. The technical feasibility of this strategy is to be assessed, 
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Solvent substitution for NIPS fabrication of alternative CA membranes provides a starting point as an 
improvement strategy for environmental mitigation. But how does one go about selecting an 
appropriate alternative solvent? Is there a methodological framework other than the time-
consuming trial-and-error method to discriminate solvents early in the membrane screening stage 
that comply with technical, environmental, health and safety considerations? Solubility parameters 
are classically used for technical purposes, but what about other purposes? The same questions hold 
for polymer or additive substitution, or in a general perspective for a substitution of membrane 
fabrication method.  
 
Due to the lack of answers in the literature on membrane fabrication, these issues have been 
addressed in a paper transcribed in the following section. A new framework is suggested based on 
metrics and applied to the fabrication of sustainable UF membranes. Fabrication conditions are also 
given for the fabricated biosourced membranes, and shall be used as input to the fabrication model 
developed in Chapter II and serve in Chapter V for a comparative environmental evaluation.    
2 A METRICS-BASED FRAMEWORK FOR MEMBRANE FABRICATION 
This section is an article that has been published in the journal Green Chemistry and deals with a 
metrics-based framework suggested for solvent substitution in UF membrane fabrication by NIPS. 
The framework can be adapted to any other type of substitution (e.g. polymer, additive) or 
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A metrics-based approach to preparing sustainable
membranes: application to ultrafiltration
Flavie Prézélus, a,b Dihia Chabni,a Ligia Barna, b Christelle Guiguib and
Jean-Christophe Remigy *a
The purpose of the research is to make a first step towards rationalizing green polymeric membrane
preparation. A holistic methodological approach based on metrics that consider technical, environmental,
health and safety issues have been suggested to assess sustainability of membrane preparation. Metrics
have been applied to solvent substitution in a non-solvent induced phase separation process. The flammability
hazard of three shortlisted alternative solvents has substituted the reprotoxicity hazard of common solvents.
The ultrafiltration cellulose diacetate membranes prepared with methyl lactate as solvent have a greater
renewable intensity and require a lower number of solvents for their preparation. Trade-offs between use of
resources (polymer, solvent, energy…) and membrane properties are inevitable. Further socio-economic, risk
and life cycle analysis are crucial to fully integrate ecodesign in membrane preparation.
1. Introduction
Membrane technology is well-established in industrial processes
as it offers both technical and sustainable performances: high
selectivity of specific compounds, excellent waste and energy
efficiency, ease of operation and maintenance, simple scale-up
and control and good stability.1,2 One membrane technique is
ultrafiltration used, for instance, to separate particulates and
pathogens from raw water for drinking water applications or to
process proteins in the dairy industry. Mild thermal and chemi-
cal operating conditions in water treatment favour polymeric
membranes over more expensive ceramic ones.
Most commercialized polymeric membranes are prepared
via non-solvent induced phase separation (NIPS).3 A polymer is
first dissolved in a solvent usually with an additive. Adding in-
organic salts such as lithium chloride (LiCl) or polymers (PEG,
PVP) have shown to improve membrane permeability and
retention.4,5 The polymer solution is then cast on a planar
support or extruded as a hollow fibre and then immersed in a
non-solvent in which it separates into two phases: a polymer
rich phase that solidifies into the membrane structure and a
polymer lean phase that is washed away and gives the pores.6–9
The non-solvent is often water as it does not solubilize common
used polymers, is inexpensive and easy to handle on an indus-
trial scale. Further steps are membrane rinsing and module
preparation. During coagulation and rinsing the polymer lean
phase (mainly solvent and additive) is mixed with water and is
either recycled or discharged in the sewage network.
Research in membrane preparation has integrated sustain-
ability concerns in response to global concern about preser-
ving finite resources for future generations.10 Focus in the lit-
erature is mainly on the solvents’ toxicity. Three of the most
common solvents used in membrane preparation (N-methyl-2-
pyrrolidone (NMP), N,N-dimethylacetamide (DMA) and N,N-di-
methylformamide (DMF)) are indeed identified by the
European REACH Regulation as substances of very high
concern for their potential reproductive toxicity.11 Furthermore,
the initial amount of solvent is entirely found in wastewater
after coagulation and rinsing. Razali et al. estimate that this
wastewater represents more than 95% of the total waste pro-
duced during membrane preparation.12 Figoli et al.13 report on
the beginning stages of solvent substitution in membrane
preparation with examples of less or non-toxic solvents. Another
approach that is also at an early stage of research is to eliminate
solvent toxicity by using an aqueous polymer solution and sub-
jecting it to a temperature induced phase separation (TIPS).14
Searching for and selecting green solvents is a global
issue.15,16 CHEM21 developed a methodology to rank solvents
according to environmental, health and safety criteria aligned
with the United Nation’s Global Harmonized System (GHS)
and European regulations.17 The resulting solvent selection
guide is based on guides previously published by pharma-
ceutical companies18–23 and includes newer solvents such as
bioderived solvents.24 Tobiszewski et al.25 rank solvents within
clusters according to toxicology and hazard parameters.
Besides the solvent issue, reducing the use of petroleum-
based chemicals is another aspect of sustainability. Growing
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attention is for example given to biosourced polymers since
carbon composing these polymers originates from atmos-
pheric carbon dioxide and is released back into the atmo-
sphere whenever the polymers are incinerated: no additional
carbon dioxide is emitted in this case.26 Since Dobry’s treat-
ment of cellulose esters27 and Loeb and Sourirajan’s prepa-
ration of asymetric membranes,28 membranes prepared with
cellulose acetate (CA) offer a bio-sourced alternative to other
conventional membranes prepared with petrochemical poly-
ether sulfone (PES), polysulfone or polyvinylidene difluoride.29
CA membranes were first developed for desalination of water
by reverse osmosis28,30 and are now found in other appli-
cations such as hemodialysis or drinking water treament.31,32
As regards water treatment applications, CA membranes are
cheap, easily available and highly resistant to fouling.33
Cellulose triacetate and diacetate (CTA and CDA respectively)
are synthesized from cellulose, the most abundant organic
polymer on Earth and industrially extracted from wood pulp or
cotton.34 Krishna Manda et al.35 calculated that CA has a
slightly better environmental profile than PES for most impact
categories (climate change, human toxicity, marine and fresh-
water ecotoxicity…). Only the production and disposal of both
polymers have been considered; the production and operation
of the two associated membranes have been simplistically
taken as equal to one another.
Substituting toxic solvents and using renewable feedstocks
are only two sustainability improvements and therefore do not
fully address the twelve principles of green chemistry as listed
by Anastas and Warner.36 Their framework sets out a broad
view on the design and development of greener chemicals,
materials and processes. Green metrics have been later devel-
oped to quantitatively evaluate sustainability.37–39
Interestingly, McElroy et al.40 suggest a holistic approach to
metrics. The sustainability of chemical reactions are evaluated
with a unified metrics toolkit. The aim of such an approach is
to study the overall environmental footprint of a given system,
thereby taking into account burdens that shift from one sub-
system to another or from one impact category to another.
To the best of our knowledge, no holistic approach to asses-
sing sustainability in membrane preparation has been taken
in the literature. In our study, metrics that consider technical,
environmental, health and safety (EHS) issues are first pre-
sented and then applied to solvent substitution in the prepa-
ration of ultrafiltration membranes. Both CTA and CDA are
tested as polymers. More specifically, Hansen solubility para-
meters (HSPs) and solubility trials are used for solvent screen-
ing. Flat sheet membranes are prepared with the selected sol-
vents and their permeability and retention performances are
assessed experimentally.
2. Metrics for membrane preparation
Membrane preparation is considered in 3 stages (see Table 1),
each having specific metrics that allow to compare alternative
solvents and their associated membranes. Hotspots such as
flammability or energy-intensive fabrication processes are
highlighted to either eliminate a solvent from the screening
process or take precautionary measures during scale-up. These
metrics are relative and can be adapted to the intended appli-
cation such as ultrafiltration in drinking water treatment, as
opposed to absolute metrics solely based on threshold values.
For example, there is no threshold value for energy use but
rather a comparison to be made with other solvents’ fabrica-
tion processes.
It is interesting to note that McElroy et al.40 adopt a three-
coloured flag system applied to their metrics as an attempt to
alert on specific issues. Quantified ranges for each colour
(green, amber and red) are however defined for only 3 metrics
and the lack of justification suggests that these ranges result
from an arbitrary choice. These omissions most certainly stem
from the difficulty to apply the three-coloured flag system in a
thorough and consistent manner. It is indeed very challenging
to define meaningful threshold values for each colour,
especially considering that thresholds may depend on the
intended application or operational conditions. Such a visual
aid also aims at putting emphasis on certain metrics rather
than on others, which is inconsistent with our holistic
approach according to which metrics are to be considered
altogether. No visual aid has thus been integrated in our work.
During alternative solvent shortlisting (stage i in Table 1),
the technical and EHS compatibility of the shortlisted solvents
(Table 2) and their fabrication process (Table 3) are assessed.
During solubility trials of stage ii, polymer solution parameters
give information on the technical feasibility of membrane
preparation with the associated alternative solvent (Table 4). If
feasible, membranes are fabricated during stage iii. Either flat
sheet membranes or hollow fibres can be prepared. Flat sheet
membrane preparation can also be conducted as a feasibility
study for hollow fibre preparation.
Technical membrane performances (Table 5) and eco-com-
patibility of the fabrication process (Table 3) are then studied.
The metrics can be transposed to polymer or additive sub-
stitution as well as to other membrane preparation processes
(e.g. TIPS) provided several adjustements be made. For
polymer substitution, water insolubility and solvent solubility
are sought, whereas polymer volatility is irrelevant. The fabri-
cation process of the polymer, instead that of the solvent,
should be investigated. For a TIPS process, the polymer must
be soluble in the solvent at high temperatures (generally
100–200 °C (ref. 41)) and insoluble at ambient temperature.
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Membrane fabrication Table 3
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For the NIPS process considered in this work, solvent misci-
bility in water must be sufficient to allow polymer coagulation
upon contact of the polymer solution with the non-solvent (see
Table 2). The solvent must also dissolve the polymer. Given the
large number of existing solvents, screening methods based on
the potential solvent solvency of the polymer are necessary to
reduce the number of solubility trials to carry out. The relative
energy difference (RED), calculated from HSPs, allows to select
an appropriate solvent for a polymer42 (see section 3) and is
often used in formulation for its simplicity of use and predic-
tive quality.43 Solvent stability is a technical prerequisite for
the solvent use: no thermal or chemical degradation (hydro-
lysis, oxidation, autoxidation) that could hamper coagulation
should occur under the operational conditions of membrane
preparation. Another solvent property considered is volatility.
High vapour pressure under operational conditions compels to
take precautionary measures to reduce solvent exposure and
protect workers’ health and safety. EHS criteria in Table 2 are
based on the hazards defined and classified by the GHS.44
Regional or national implementations of the GHS can also be
used as reference (e.g. the European CLP Regulation). An ideal
solvent does not present any hazard and thus does not have any
associated H-statement. Should this not be the case, hazard cat-
egories reflect the hazard severity. A category 1 solvent has extre-
mely flammable liquid and vapour, whereas a category 4 solvent
is a combustible liquid. Being readily biodegradable and not
bioaccumulating are two properties reducing the solvent’s end-of-
life environmental impact, in particular in aquatic environments.
A solvent’s overall environmental footprint does not only
rely on its intrinsic properties but also on the processes in
which it is involved. Life Cycle Analysis (LCA) studies assess
environmental impacts of all stages of a product’s life from
raw material extraction through manufacture, transportation,
use and disposal or recycling. Such a comprehensive approach
demands expertise, time, a lot of data and is more appropriate
for a final assessment of the selected solvent. A more straight-
forward assessment can be made as a first approach with
metrics suggested in Table 3. Intensity-based metrics evaluate
the total input (e.g. renewably derivable input materials,
reagents, solvents, catalysts, energy etc.) needed to prepare one
Table 2 Metrics for the solvent
Criterion Parameter Metric
Technical Solvency Relative energy difference















Health Acute toxicity Acute toxicity estimate values
Specific target
organ toxicity





Skin corrosion or irritation







Germ cell mutagenicity tests
Carcinogenicity tests
Reprotoxicity tests




Ecotoxicity Acute aquatic toxicity
Chronic aquatic toxicity
Table 5 Metrics for the membrane
Criterion Parameter Metric
Technical Productivity Permeability
Selectivity Molecular weight cut-off
Log removal values
Integrity tests
Mechanical resistance Tensile stress
Compaction pressure
Chemical resistance Ageing trials
Table 4 Metrics for the polymer solution
Criterion Parameter Metric
Technical Solvency Polymer and additive dissolution
Casting capacity Viscosity
Stability Turbidity
Gel formation and crystallization
Table 3 Metrics for both solvent and membrane fabrication processes
Criterion Metric Simplified metric
Environmental Renewable intensity = mass renewable derivable material/
product mass (kg kg−1)
Number of renewably derivable feedstocks
Process mass intensity = total process mass/product mass (kg kg−1) Number of reactions and separation steps
Number of solvents (for membrane fabrication only)
Energy intensity = process energy/product mass (MJ kg−1) Operational conditions (temperature, pressure)
Number of liquid streams to treat
Number of solvents per liquid stream
Use of critical elements —
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unit mass of product.45,46 Alternatively, counting the number
of reactions or noting the operational conditions (temperature,
pressure) gives a first indication on the use of resources; numer-
ous reactions under high temperatures and pressures to
produce the solvent is likely to be more mass- and energy-inten-
sive than a single-reaction process under ambient conditions.
Furthermore, critical elements (rare earth metals, phosphate
rock, cobalt…) used in the preparation process need to be indi-
cated. According to the European Union, an element is critical
when it is of high economic importance and if there are high
supply risks, either due to limited abundance or geo-political
issues.47 Table 3 should also be applied to the membrane fabri-
cation process during stage iii.
In Tables 4 and 5, technical criteria classically encountered
in membrane science are listed for polymer solutions and
membranes. Effective dissolution of the polymer and additive
by the solvent is observed during solubility trials. To cast or
spin membranes, the polymer solution must have a viscosity
adapted for both appropriate mechanical strength and low-
energy pumping. On an industrial scale, temporary shutdowns
may require the polymer solution to be stored. The absence of
coagulation, gel formation or crystallization can be monitored
by turbidity measurements or dynamic light scattering tech-
niques. Once membranes are prepared, their technical per-
formances are to be assessed (Table 5) and compared to the
technical specifications of ultrafiltration and its process. For
example, ageing trials based on accelerated ageing with the
concentration per time of contact parameter (c × t parameter)
indicate to what extent chemicals used during cleaning
sequences are compatible with the membrane material.48 The
integrity of membranes can be checked with pressure hold
tests or bubble tests.49
In what follows, the 3-stage membrane preparation method-
ology in Table 1 is followed and metrics in Tables 2–5 are
applied. HSPs used for solvent shortlisting first need to be
explained as well as the experimental setups of membrane
preparation and characterization.
3. Hansen solubility parameters (HSPs)
Hansen considers three types of intermolecular interactions
for the total cohesion energy (E) of regular solutions:42
E ¼ Ed þ Ep þ Eh ð1Þ
where Ed is the energy from London dispersion forces, Ep is
the energy from dipole–dipole forces (Debye and Keesom) and
Eh is the energy from hydrogen-bonding forces. E is equivalent
to the latent heat of vaporization, a measure of the strength of
attractive forces holding molecules together. During polymer dis-
solution, these interactions are overcome as the solvent surrounds
polymer macromolecules thereby separating them one from
another. The partial or Hansen solubility parameters (δd, δp, δh) of
a chemical compound are the square root of the quotient of the

















A chemical compound can be represented by a dot in the
3D solubility space (2δd, δp, δh). Based on experimental solubi-
lity data, Hansen defines a solubility volume for a polymer
within this 3D space. It is a sphere with centre (δd polymer,
δp polymer, δh polymer) and radius R0. Solvents with HSPs within the
solubility sphere dissolve the polymer, whereas those outside do
not. For polymer dissolution, the interaction polymer–solvent
distance Ra must thus be inferior or equal to R0:
In other words, the relative energy difference (RED) must be




Different HSP values for CA are available in Hansen’s User’s
Handbook50 (Table 6): each set of (δd, δp, δh) values hold true for
a given industrial polymer. Differences in HSP values may be
explained by the specificities of each industrial polymer (i.e.
degree of acetyl substitution, molecular weight, type and percent
of impurities…). This information is unfortunately not detailed
in the references, as shown in the second column of Table 6.
Polymer HSP values can be determined experimentally by
carrying out solubility tests with solvents having known HSPs.
However, the polymer solubility sphere radius R0 depends on
the solubility criteria predefined by the experimenter.
Depending on the targeted application, it can range from a




CTA (Eastman CA-436-80S, 43.6% acetyl content) was kindly
supplied by ABC Membranes (France). CDA (average Mn ∼
Ra ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 δdpolymer  δd solvent
 2þ δppolymer  δp solvent 2þ δhpolymer  δh solvent 2
q
 R0 ð3Þ














Bayer 18.2 12.4 10.8 7.4
Cellulose acetate N/Aa 16.9 16.3 3.7 13.7
Cellulose acetate N/Aa 18.3 16.5 11.9 8.8
Cellulose acetate N/Aa 14.9 7.1 11.1 12.4
aNon available data.
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30 000 Da, 39.8% acetyl content) and LiCl (≥99%) were pur-
chased from Sigma-Aldrich (USA). All three chemicals were
desiccated at 120 °C during 15 minutes before use. Methyl
lactate (99%) was obtained from J&K Scientific (China), ethyl
lactate (≥98%) kindly supplied by Galactic S.A. (Belgium) and
triethyl phosphate (synthesis grade) purchased from Merck
(USA). Dimethyl carbonate (≥99%), ethyl levulinate (≥99%),
gamma-valerolactone (≥99%) and methyl levulinate (≥98.0%)
were purchased from Sigma-Aldrich. Polyethylene glycol (PEG,
200 kDa), sodium bisulfite and glycerol (laboratory reagent
grade) were purchased from Sigma-Aldrich, Acros Organics
(Belgium) and VWR International (USA), respectively. Ultra-
pure water (T = 23 ± 2 °C) with a resistivity of 18 MΩ cm was
produced by a PURELAB Maxima unit (ELGA, UK).
4.2. Solubility trials
The HSPs of CDA and CTA were determined with the software
HSPiP 5.0.50,51 based on the results of solubility trials (soluble
or insoluble). The latter were carried out at 25 °C with a
12 wt% polymer solution under mechanical agitation for one
week to achieve the solubility equilibrium. 21 well-defined sol-
vents were chosen so as to cover a large area of the 3D solubi-
lity space. Blends of two miscible solvents were used to better
define the sphere boundary. Solubility was visually qualified
seeking clear solution; insoluble or swell polymer were classi-
fied as non soluble.
The same protocol was followed to test shortlisted alterna-
tive solvents for polymer dissolution. For LiCl dissolution
trials, 1.2 wt% of the additive was blended with each alterna-
tive solvent.
4.3. Flat sheet membrane preparation
Polymer solutions were prepared with CDA as polymer and
LiCl as additive. Either ethyl lactate or methyl lactate was used
as solvent. LiCl was first dissolved in one solvent at 80 °C
during 1 h. The polymer was added gradually to the solvent-
additive solutions during 24 h. The solutions were mechani-
cally stirred at 300 rpm and kept at 80 °C during another 24 h
for homogenization. The polymer solutions were cast on a
glass plate at 80, 70 or 60 °C using a Gardner knife with a gap
of 200 µm and finally immersed in a coagulation bath (15
v/v% methyl lactate or glycerol in ultra-pure water) at 25 °C for
1 h. The subsequent flat sheet membranes were placed in an
ultra-pure water bath for 3 h. The water was renewed every
hour to remove any residual solvent and additive. Flat sheet
membranes were then stored in 10 g L−1 sodium bisulfite
solutions.
4.4. Membrane and polymer solution characterizations
4.4.1. Viscosity measurement. The viscosity of polymer
solutions were measured using a rheometer (Physica MCR 301,
Anton Paar, Austria) equipped with a rotational cylinder
measuring system.
4.4.2. Pure water permeability. Ultra-pure water per-
meability (Lp, L h
−1 m−2 bar−1) at 20 °C was measured using a
dead-end set-up (Amicon cell)52 and determined as the slope
of the following equation:
J20°C ¼ Lp;20°CTMP ð5Þ
where J20°C is the permeate flux at 20 °C (L h
−1 m−2) and TMP
is the applied transmembrane pressure (bar). The effective
membrane surface was 1.52 × 10−3 m2. Before sampling, the
permeate flux was left to stabilize 15 min at 1 bar.
4.4.3. PEG rejection. A 200 kDa PEG solution of 1 g L−1
was filtered with the same set-up as for pure water per-
meability. The stirring speed was 300 rpm and the four
applied TMPs were 0.2, 0.4, 0.6 and 0.8 bar.
Retentate and permeate PEG samples were analyzed with a
total organic carbon analyzer (TOC-L CSH, Shimadzu, Japan).
The observed PEG retention Robs is calculated by equation:
Robs ¼ 1 CpCr ð6Þ
where Cp and Cr are the concentrations of the permeate and
retentate solutions, respectively. The retentate solutions are
sampled at the membrane surface.
The membrane retention coefficient Rm is obtained by












where J is the flux density (m3 m−2 s−1) and kBL is the mass
transfer coefficient in the boundary layer (m s−1).
4.4.4. Scanning electron microscope (SEM). Membrane
samples were cryofractured in liquid nitrogen and sputter
coated with gold (Emitech K550X, Quorum Technologies Ltd,
UK). Cross-sectional images obtained using a Phenom XL
scanning electron microscope (Phenom World, The
Netherlands) provide information on the structure of the pre-
pared membranes.
5. Results and discussion
5.1. Alternative solvent shortlisting
CTA’s δd and δp determined based on the results of solubility
trials are similar to those of Cellidora A, Bayer (see Tables 6
and 7). δh is however 2.4 MPa
1/2 lower than Bayer’s polymer,
indicating a lower hydroxyl content. The determined solubility
radius R0 of CTA is 2.5 times smaller than that of Cellidora A,
possibly due to a more restrictive applied solubility criteria, i.e.
complete dissolution of 12 wt% polymer at 25 °C. Solvents
among Hansen’s database and from the literature51,54,55 have
been shortlisted for their dissolution potential and water solu-
bility (see Table 7). In particular, a selection criteria of RED
smaller than 3.0 was applied to solvents. This arbitrary
threshold was deemed necessary to keep time for experimen-
tation within reasonable limits. It was furthermore observed
that water solubility did not constitute a discriminatory factor
for solvent shortlisting. In the 3D Hansen solubility space, CTA
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is situated in a little dense area with few solvents, giving no
RED of shortlisted solvents lower than 1.
Other parameters, found in Table 8, are based on available
data. NMP being a common solvent is included in Table 8 for
comparison reasons. Recent attention has been given to sol-
vents under development such as gamma-valerolactone and
methyl levulinate. This could have encouraged certain
researchers to work on the characterization of the solvents and
might partly explain why information on physico-chemical pro-
perties can be found. On the other hand, the scarcity of data
in European Chemicals Agency’s databases is indicative of a
general information gap.56 For example, data on toxicity and
environmental fate of these solvents remains limited and do
not allow complete comparisons between solvents to be
drawn.
Although no solvent has known mutagenic, carcinogenic or
reprotoxic properties, 4 solvents have associated health hazard
statements under the GHS. Triethyl phosphate is harmful if
swallowed (H302). Ethyl lactate, methyl lactate and gamma-
valerolactone may cause serious eye irritation or damage
(H318 and H319). The two alkyl lactates may also cause respir-
atory irritation (H335). It calls for appropriate engineering and
administrative controls and the use of personal protective
equipment to maintain worker safety. This also holds true for
volatility and flammability issues. With initial boiling points
lower than 250 °C at 1 bar, the 7 shortlisted solvents are all
defined as volatile organic compounds according to the
European Directive 2004/42/CE. Three solvents have flamm-
ability hazard statements: ethyl and methyl lactate (H226) and
dimethyl carbonate (H225). Low flash points, especially that of
dimethyl carbonate, make scaling-up a more cumbersome
process. Explosion-proof equipment is recommended and
inert gas may be used in a fully closed vessel for polymer solu-
tion preparation to reduce oxygen content. Adequate venti-
lation in the surrounding environment minimizes the for-
mation of flammable atmosphere by keeping solvent vapours
below the lower explosion limit. At first glance, the flammabil-
ity hazard has substituted the reprotoxicity hazard of common
solvents (NMP, DMA, DMF). It can also be argued that high
risks linked to flammable solvents are mainly limited to
heating during polymer solution preparation, whereas those of
reprotoxic solvents are temperature-independent and can
therefore be problematic throughout the solvents’ life cycle. As
for environmental criteria, the shortlisted solvents have bio-
concentration factors lower than 500 and logarithms of the
octanol–water partition coefficient lower than 4, indicating low
levels of bioaccumulation potential. No ecotoxicity is revealed.
Triethyl phosphate is the only non-readily biodegradable
solvent, indicating the absence of rapid and ultimate degra-
dation in most environments including biological sewage treat-
ment plants. Optimized aerobic conditions are necessary to
potentially biodegrade it. Given its high boiling point, recovery
from liquid waste streams by distillation is expected to be
energy-intensive. For alkyl lactates and alkyl levulinates, hydro-
lysis is a feasible degradation pathway. However, rapid conver-
sion into their respective acids requires special use and
storage to avoid contact with water.
The fabrication processes of the shortlisted solvents have
been investigated (see Table 9) and hotspots pointed out.
Dimethyl carbonate and triethyl phosphate are the two non-
biosourced solvents of the list. The main commercial pro-
duction pathway for dimethyl carbonate is the oxidative
carbonylation of methanol with typical reaction conditions
equal to 120 °C and 27 bar.57 Currently, no renewably deriva-
ble feestock is used but methanol could be obtained from
biomass. Low values of intensity-based metrics reflect the low
number of reactions and purification steps needed. Garcia-
Herrero57 estimates process mass intensity, excluding water,
and energy intensity to be equal to 1.61 kg and 22.7 MJ per kg
dimethyl carbonate, respectively. Energy consumption is
mainly accounted for by the use of steam in separation steps.
Extensive recovery of non-reacted input material and catalysts
lowers waste intensity to 0.31 kg kg−1 dimethyl carbonate.
Triethyl phosphate production process from phosphorus oxy-
chloride and ethanol takes place in milder conditions
(10–30 °C, 0.08–0.15 bar).58 Nonetheless, the key issue is the
use of phosphate rock as feedstock. It is converted to white
phosphorus, which is then used to make triethyl phosphate
through intermediates phosphorus trichloride and phos-
phorus oxychloride. Phosphate rock is identified as a critical
raw material by the European Union: production is limited to
three main countries, substitution is impossible and no
current recycling is done.47 Some researchers suggest that
affordable phosphorus reserves may be depleted in 50–100
Table 7 HSPs and REDs of alternative solvents




1/2 RED (CTA) RED (CDA)
CTAa 18.2 11.4 8.4 3.0 — —
CDAa 16.2 9.9 8.1 4.9 — —
Dimethyl carbonateb 15.5 8.6 9.7 — 2.1 0.5
Ethyl lactateb 16.0 7.6 12.5 — 2.4 1.0
Ethyl levulinateb 16.5 7.8 6.8 — 1.7 0.5
Gamma-valerolactoneb 16.9 11.5 6.3 — 1.1 0.6
Methyl lactateb 16.9 8.3 16.1 — 2.9 1.7
Methyl levulinateb 16.7 8.5 7.5 — 1.4 0.4
Triethyl phosphateb 16.7 11.4 9.2 — 1.0 0.4
aDetermined experimentally in this study. b Source HSPiP software database.51
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Solvency Relative energy difference with CTAa 0.5 2.1 2.4 1.7 1.1
Solubility in water Miscible; 1 kg L−1 at
20 °C
114.7–138.2 g L−1 at
20–25 °C and pH 6
Miscible 12.6 g L−1 Miscible
Stability Thermal decomposition No data No data No data No data >600 °C, appropriate
catalyst necessary
Hydrolysis No data Half-life 5 days at
50 °C
Half-life 72 days at
pH 7 and 7 days at
pH 8
6.0% after 5 days
at 40 °C
>28 days at 60 °C




0.011 kPa at 25 °C 0.65 kPa at 25 °C
Boiling point 202–204 °C 89.7–91 °C 154 °C 206 °C 207 °C










None None None None No data
Acute toxicity Acute toxicity estimate values None None None None None
Specific target organ
toxicity
Single and repeated exposure tests None None None None No data
Aspiration hazard or
irritation
Aspiration hazard, skin corrosion or
irritation, serious eye damage or eye
irritation, respiratory or skin sensitization
H315 (causes skin
irritation)
None H335 (may cause
respiratory irritation)












Germ cell mutagenicity tests H360D (may
damage the unborn
child)
None None None No data
Carcinogenicity tests
Reprotoxicity tests






No data No data
Bioaccumulation Bioconcentration factor Estimated 3 0.23–0.354 at
20–25 °C pH 6.5–7.4
3 Estimated 1.26 −0.272
Logarithm octanol–water partition
coefficient
−0.46 at 25 °C Estimated 3.2 0.31 0.38 Estimated 1.00
Ecotoxicity Acute aquatic toxicity None None None None No data
Chronic aquatic toxicity
Parameter Metric Methyl lactate56,79,80
Methyl
levulinate73–75 Triethylphosphate56,81
Solvency Relative energy difference with CTAa 2.9 1.4 1.0
Solubility in water Miscible Miscible 500 g L−1 at 25 °C
Stability Thermal decomposition No data No data No data
Hydrolysis Half-lives estimated 68, 6.8 and 0.68 days at
pH values of 7, 8 and 9, respectively
7.9% after 5 days at
40 °C
Half-life 5.5 years
Volatility Vapour pressure 0.340 kPa at 20 °C 0.446 kPa at 60 °C 0.0523 kPa at 25 °C























































Parameter Metric Methyl lactate56,79,80 Methyl
levulinate73–75
Triethylphosphate56,81
Inflammability Flash point 58 °C 72 °C 115 °C
H226 (flammable liquid and vapour)
Other physical hazard Explosiveness, self-reactivity, pyrophoricity, oxidizing,
corrosivity
None No data None




Single and repeated exposure tests None No data None
Aspiration hazard or
irritation
Aspiration hazard, skin corrosion or irritation, serious eye
damage or eye irritation, respiratory or skin sensitization
H335 (may cause respiratory irritation) No data None
H319 (serious eye irritation)
Carcinogenic, mutagenic,
reprotoxic
Germ cell mutagenicity tests None No data None
Carcinogenicity tests
Reprotoxicity tests
Biodegradability Ready biodegradability Readily biodegradable No data Inherently
biodegradable
Bioaccumulation Bioconcentration factor −0.2 Estimated 1.00 <1.3
Logarithm octanol–water partition coefficient Estimated −0.67 −0.17 1.11
Ecotoxicity Acute aquatic toxicity None No data None
Chronic aquatic toxicity
a Source HSPiP software database.51
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years.59 In response to the use of finite resources and their
potential depletion, interest at the international level has been
given to renewable resources. Carbohydrates from sugar-based
biomass and lignocellulose biomass can be converted to build-
ing blocks and platform chemicals such as lactic acid and
levulinic acid for further chemical synthesis. Ethyl lactate and
methyl lactate can both be recovered by distillation after cata-
lyzed esterification of lactic acid with ethanol and methanol,
respectively.60,61 Reaction conditions are mild (50–100 °C, 1
bar) but equilibrium limitations specific to esterifications
need to be overcome.60 Constable et al.37 consider that esterifi-
cation reactions have average reaction mass efficiencies of 67%
and mass intensities of 11.4 kg kg−1 ester. The reaction mass
efficiency is defined as the percentage of the mass of the reac-
tants that remain in the product.37 The total number of chemi-
cal steps in the synthesis of both lactate esters are predomi-
nantly due to lactic acid synthesis. In the conventional
process, lactic acid recovery and purification from fermenta-
tion broths require complex separation steps.62 One separation
step involves calcium sulphate, of which one kilogram needs
to be disposed of for every kilogram of lactic acid produced.62
Advances in electrodialysis technolgies seek to eliminate this
salt waste.63 The production of ethyl and methyl levulinate
also involves a final esterification step. Several reaction path-
ways are being investigated, among which synthesis from levu-
linic acid and furfuryl alcohol.64 Levulinic acid can be
obtained by acid-catalyzed hydrolysis of carbohydrates at
100–250 °C with a relatively high yield.65,66 Isolating and puri-
fying it is however more complicated.65 Gamma-valerolactone
can be obtained by hydrogenation from either levulinic acid or
ethyl levulinate with high temperatures and pressures of H2
and a metal catalyst.64,67,68 On average, hydrogenation reac-
tions have reaction mass efficiencies of 74% and mass intensi-
ties of 18.6 kg kg−1.61 Jessop15 considers gamma-valerolactone
can be obtained by only 4 steps. Interestingly, Zhang69 reports
on recent advances made in obtaining gamma-valerolactone
from a one-pot-conversion of carbohydrates such as fructose
with 3 main reactions. The most striking conclusion to emerge
from the analysis of the solvents’ fabrication processes is that
data on intensity-based metrics is lacking, making it tedious
to compare them in a comprehensive manner.
5.2. Solubility trials with shortlisted solvents
None of the 7 shortlisted alternative solvents was found to
have a solvency power high enough to totally dissolve CTA.
Triethyl phosphate only partially dissolved CTA. Blends of
alternative solvents were tested and gave similar negative
results. These results agree with the REDs greater or equal to 1
(see Table 7). In the literature, difficulties have also been
encountered to find suitable alternative solvents for CTA. It
has for example been found that a lower polymer concen-
tration (i.e. 10 wt%) was necessary for gamma-valerolactone to
dissolve CTA.83 Overall, our solubility trials pinpoint a scienti-
fic barrier linked to the limited number of alternative solvents
with appropriate solvency power. Ongoing research in green
chemistry offers promising insights into new solvents, in par-
ticular those produced from biobased platform chemicals. An
example is dihydrolevoglucosenone (Cyrene), a molecule
derived from cellulose in a two-step process and currently
under development.82 Its HSPs make it a promising alternative
for dipolar aprotic solvents and a potential solvent for CTA in
the near future (RED equal to 0.7).
CDA was tested as an alternative polymer to CTA. Its lower
degree of substitution makes it easier to solubilize by common
solvents.84 REDs of the shortlisted alternative solvents are lower
for CDA than for CTA and are lower or equal to 1.0, with the
exception of methyl lactate (see Table 7). All 7 solvents, including
methyl lactate, totally dissolved CDA in the solubility trials.
Limitations in the conventional hypothesis in determining RED
values may explain why the value for methyl lactate – CDA is
greater than 1.0 whereas CDA is found to be soluble in methyl
lactate. The hypothesis is that a sphere describes the solubility
volume of a given polymer. Limitations have been observed in the
literature85 and certain authors suggest that an ellipsoid may
better fit data than a sphere.86 Wiśniewski et al.87 further acknowl-
edge that solubility volumes are generally unsymmetrical.
In additional solubility trials, only ethyl and methyl lactate
dissolved LiCl. Further testing was thus carried out with the
two alkyl lactates. Although out of the scope of this work, this
selection by no means disqualifies the other 5 solvents for
membrane preparation, especially if a different additive were
to be used.
Homogeneous ternary mixtures (CDA : LiCl : solvent) with
weight compositions equal to 12 : 1 : 87 and 15 : 3 : 82 were
obtained for both alkyl lactates. Furthermore, the viscosity
range (1.2–4.9 Pa s) allowed to cast flat sheet membranes and
is also appropriate for hollow fibre casting. As for the stability
of the polymer solution, no gel formation nor crystallization
has been visually observed. Quantitative characterization could
be particularly relevant during the scaling-up process from flat
sheet membrane to hollow fibre preparation.
5.3. Membrane performance and characterization
Permeabilities of flat sheet membranes prepared in different
coagulation baths are detailed in Table 10. The addition of gly-
cerol or the solvent to the aqueous coagulation bath is
expected to lower the membrane formation rate and decrease
the formation of finger cavities so as to avoid having mem-
branes with lower rejection to micro-solutes as compared to
membranes prepared with water as sole non-solvent.9 Results
show that membranes prepared with ethyl lactate have very
Table 10 Permeability values (L h−1 m−2 bar−1) of CDA flat sheet mem-
branes prepared with 82 wt% ethyl lactate or methyl lactate and 3 wt%








Ethyl lactate 0 15
Methyl lactate 202 92
Green Chemistry Paper
This journal is © The Royal Society of Chemistry 2019 Green Chem., 2019, 21, 4457–4469 | 4465
low pure water permeabilities (0 and 15 L h−1 m−2 bar−1),
which are irrelevant for ultrafiltration applications. Further
screening trials at different casting temperatures have thus
been carried out on the most permeable membrane, i.e.
methyl lactate as solvent in both the polymer solution and
coagulation bath. Values in Table 11 show that casting temp-
erature, which directly impacts on energy intensity, has a sig-
nificant effect on permeability and less so for PEG retention.
Permeability values of membranes prepared with methyl
lactate are comparable to those found in the literature for
ultrafiltration membranes.88 Retention rates of 200 kDa PEG
above 90% suggest membrane pore diameters below 48 nm.
Indeed, the calculated hydrodynamic radius of the tracer as
described by Meireles et al.89 equals 24 nm. The sponge sub-
structure containing finger-like pores near the skin layer as
shown in Fig. 1 is furthermore consistent with the description
by Strathmann et al.90 of low pressure ultrafiltration mem-
branes. Flat sheet membrane preparation in this work shows
promising technical results. Although out of the scope of this
work, hollow fibre preparation can be considered in a further
step with complete characterization (selectivity, mechanical
and chemical resistance) as indicated in Table 5.
5.4. Metrics applied to the membrane fabrication process
using methyl lactate
The metrics in Table 12 give a brief overview of improvements
and remaining challenges in using methyl lactate as alternative
solvent during membrane fabrication. As reference (see
Table 12), hollow fibres prepared with CTA 20 wt%, LiCl 2 wt%
and NMP as solvent are taken. Spinning of the reference mem-
brane takes place at 80 °C and the bore liquid is a glycerol–
water blend. The bore liquid in inner skin hollow fibre prepa-
ration can be assimilated to the coagulation bath in flat sheet
membrane preparation, as carried out in this work. Industrial
compositions and process conditions remain confidential but
are not expected to significantly differ from the ones men-
tionned above. Compared to the reference, three improvements
in the membrane preparation process with methyl lactate exist:
(i) increased number of renewably derivable feedstocks: the
renewably intensity increases from 1.0 to 4.9 kg kg−1 since
NMP is petrochemical-based, whereas methyl lactate can be
obtained by fermentation of carbohydrates,
(ii) reduced number of solvents: methyl lactate is used both
in the polymer solution and coagulation bath, instead of
having two distinct solvents,
(iii) reduced number of compounds per liquid stream:
coagulation and rinsing waste streams each contain 3 (water,
methyl lactate and LiCl) instead of 4 compounds (water, NMP,
glycerol and LiCl), which simplifies waste management.
Challenges remain to improve environmental and technical
performances. Current process mass intensity of membranes
prepared with CDA 15 wt% equals 6.7 kg kg−1, whereas that of
industrial membranes taken as reference equals 5.0 kg kg−1.
Increasing the polymer’s weight percentage in the polymer
solution will reduce mass intensity but also lead to less per-
meable sponge-structured membranes. The skin layer where
the polymer first coagulates is expected to have an increased
strength linked to higher polymer concentration and a lower ten-
Fig. 1 Cross-sectional morphology of CDA flat sheet membrane pre-
pared at 80 °C.
Table 11 Permeability and retention values of CDA flat sheet mem-
branes prepared with 82 wt% methyl lactate and 3 wt% LiCl at different










Table 12 Metrics applied to the membrane fabrication process of CDA flat sheet membranes
Metric Simplified metric Reference membranea CDA flat sheet membrane
Renewable intensity 1.0 kg kg−1 4.9 kg kg−1
Number of renewably derivable feedstocks 1 (CTA) 2 (CDA, methyl lactate)
Process mass intensity 5.0 kg kg−1 6.7 kg kg−1
Number of reactions and separation steps 1 phase separation step 1 phase separation step
Number of solvents 3 (NMP, water, glycerol) 2 (methyl lactate, water)
Energy intensity Operational conditions 80 °C, 1 bar 60–80 °C, 1 bar
Number of liquid streams to treat 2 (coagulation, rinsing) 2 (coagulation, rinsing)
Number of solvents per liquid stream 4 (water, NMP, glycerol, LiCl) 3 (water, methyl lactate, LiCl)
Use of critical elements — None None
a Polymer solution composition: CTA 20 wt%, LiCl 2 wt% and NMP as solvent. Spining temperature: 80 °C. Bore liquid: glycerol–water blend.
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dency to rupture and initiate fingers.90 Energy and solvent inten-
sity can also be further optimized by fine tuning casting tempera-
ture and coagulation bath composition, respectively. One might
question to what extent intensity-based metrics can be optimized.
The ideal NIPS process consists of a bio-sourced polymer as
unique input: process mass intensity equal to 1 kg kg−1 and
energy intensity equal to 0 MJ kg−1. This entails no heating, no
solvent and, by extension, no phase inversion. In reality, the
polymer weight percentage encountered in the literature is rarely
above 35 wt% due to viscosity increase of the polymer solution.91
The lowest process mass intensity obtained would be 2.9 kg kg−1.
If all inputs were derived from renewable feedstocks, renewable
intensity would also equal 2.9 kg kg−1. No indication is however
provided about the technical feasilibity of obtaining performant
membranes with such values. Trade-offs between use of
resources and membrane properties are inevitable.
6. Concluding remarks
Measuring sustainability performance is a prerequisite for
improving it and supports researchers in their endeavour to
develop greener membranes and associated processes. The
metric-based approach as developed in this study is a first step
to rationalize sustainable membrane preparation. Hotspots
and hazards other than solvent reprotoxicity have been
pointed out and technical feasibility assessed.
Ultrafiltration CDA membranes have been prepared with
methyl lactate, a non-toxic but flammable solvent. Although
other solvents labelled as green by the scientific community
have been studied, the field of chemistry has yet to propose a
vast choice of alternative solvents with high solvency power for
membrane applications. Extensive information on the environ-
mental fate and toxicity of these newly commercialized sol-
vents could help make better-informed decisions.
As for membrane science, accurate tools for predicting the
impact of process parameters on membrane properties could
simplify the integration of EHS criteria.
Discriminating solvents early in the screening stage
remains inconclusive. For complete comparison, technical feasi-
bility is to be considered alongside LCA, socio-economic and
risk analysis. The three analysis require to anticipate scale-up by
providing information specific to the design and production
site in addition to data collected during our metric-based
approach. In other words, the underlying vision advocated is to
embed ecodesign practices into membrane science.
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3 PERFORMANCES OF FABRICATED BIOSOURCED MEMBRANES  
As detailed in the above Green Chemistry article, biosourced membranes have been prepared using 
methyl lactate as a solvent and CDA as a polymer. The measured pure water permeabilities range 
from 49 to 357 L h-1 m-2 bar-1 and retentions of a 200 kDa PEG solution from 91 to 94%. The latter 
value range implies that the MWCOs of the biosourced membranes are close to 200 kDa.  
 
Further characterization and filtration measurements have not been carried out. As a result, it is 
unknown whether the biosourced membranes effectively produce permeate water meeting drinking 
water quality standards. Their fouling behaviour is also unknown. The comparison of environmental 
impacts related to the operation stage of the biosourced and conventional membranes can thus not 
be undertaken, and narrows it down to the fabrication stage.   
 
4 CONCLUSION 
From this chapter can be concluded that the developed metrics-based methodology provides an 
answer for the selection of an appropriate alternative solvent. Metrics such as inflammability, acute 
toxicity and biodegradability have been considered alongside the conventional solvency metric. It has 
been shown that the fabrication of biosourced UF membranes is technically feasible and that the 
flammability hazard of shortlisted alternative solvents has substituted the reprotoxicity hazard of 
conventional solvents. Clear limitations of the methodology nonetheless exist, notably that the 
solvency metric remains the limiting criteria, thereby marginalizing other metrics. Furthermore, the 
suggested methodology is a first step in rationalizing sustainable membrane fabrication and in this 
respect does not replace the comprehensive approach of ecodesign.  
A full comparative environmental evaluation between conventional and biosourced membranes is 
necessary but, given the available data, only makes sense for the fabrication stage. The required 
dataset of the biosourced membrane gathered in this chapter is summarized in Table IV.1. Data of 
the conventional membranes studied in Chapter III are included for comparison purposes.  
 
Table IV.1 Dataset for further comparative environmental evaluation 
Parameter 
Membrane 
Conventional Biosourced  
Polymer solution weight composition 
(wt%, polymer : additive : solvent) 
20 : 2 : 78 15 : 3 : 82 
   
Bore liquid weight composition 
(wt%, bore fluid : water) 
5 : 95 16 : 84 
   
Fabrication temperature (°C) 60 80 
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Due to the impossibility of comparing environmental impacts of biosourced and conventional 
membranes’ entire life cycles, the goal of this final LCA is to limit the comparison to the fabrication stage.  
 
As a reminder, biosourced and conventional membranes’ entire life cycles are not compared since it is 
unknown whether biosourced membranes produce permeate water that meets drinking water quality 
standards. The fouling behaviour of biosourced membranes is furthermore unknown. 
 
Biosourced membranes are made up of CDA, and methyl lactate is used as a solvent during fabrication. 
Neither of these process inputs is inventoried in the ecoinvent v3.4 database. Given the quantity used 
and their importance for the final membrane, their fabrication inventories are detailed in the following 









1 LCA OF METHYL LACTATE FABRICATION 
 
1.1 INVENTORY ANALYSIS 
The chosen process for methyl lactate production (see Figure V.1) is based on NatureWorks LLC’s 
conventional lactic acid production process (Miller et al., 2011). Lactic acid is produced by bacterial 
fermentation of sugar. Yeast extract provides an essential source of nitrogen, vitamins and minerals for 
bacterial growth. Calcium hydroxide neutralizes the formed acid, maintains the fermentation broth at 
near neutral pH and ensures bacteria viability. Lactic acid is thus present as calcium lactate salt in the 
fed-batch fermentation reactor (R-101). The salt is not precipitated; feed concentrations are adapted to 
keep the calcium lactate concentration below its saturation point. The biomass is then removed by 
continuous feed-and-bleed cross-flow UF (F-101). The filtered broth is acidified with sulphuric acid to 
convert calcium lactate in lactic acid (R-102). The resulting calcium sulphate (gypsum) precipitates, is 
removed by drum filtration (F-102) and disposed of in a sanitary landfill. The filtrate is evaporated (E-
101) to eliminate water formed during fermentation: equilibriums during the upcoming adsorption steps 
are shifted. The final lactic acid evaporation concentration is optimized to avoid lactic acid dimerization. 
The fluid is then cooled (E-102) for purification and esterification. GAC columns (T-101) adsorb colour 
bodies. Strong basic gel anion exchange resins (T-102) adsorb lactic acid at acidic pH: acid-base 
interactions occur rather than ion exchange. The effluent containing impurity ions goes to wastewater 
treatment whereas lactic acid is recovered using a methanol solution as eluent. The resin is regenerated 
with sulphuric acid. Excess methanol needed to shift the esterification equilibrium is added during ion 
exchange elution. During liquid phase esterification (R-103) temperature is kept below the boiling point 
of methanol and sulphuric acid is used as catalyst. The resulting methyl lactate is recovered by two 
distillation units (T-103 and T-104). The distillate of the first unit may be distilled (T-105) so as eliminate 
water produced during esterification. Methanol and the necessary amount of water are recycled to the 
ion exchange unit. Water from evaporation and methanol recovery and sulphuric acid from the second 
distillation unit are sent to wastewater treatment. 
 
Material and energy consumptions of methyl lactate fabrication are calculated for each unit operation 
from material and energy balances. Major assumptions used are irreversible chemical reactions (either 
total reactions or reagent in excess), complete separation and recovery during separation operations and 
negligible mass of impurities. Waste heat from cooling is transferred to heating units and heat loss from 
equipment and piping is not considered. Membrane cleaning and GAC loss during regeneration are 
accounted for. It is assumed that regenerating GAC and ion exchange resins does not alter the respective 
adsorption capacities during their lifespan. The fermentation broth's specific heat capacity is 
approximated to that of water (> 80 wt%) and methyl lactate's to that of ethyl lactate, which may be 
justified by their chemical similarity. 





Calculation details per operation unit can be found in Appendix V−1. The final inventory of methyl lactate 
fabrication and the corresponding ecoinvent unit processes are listed in Table V.1. It is assumed that the 
methyl lactate fabrication plant is located in Europe. 
 





Figure V.1 Methyl lactate fabrication − Flowsheet 




Table V.1 Methyl lactate fabrication − Inventory 
Process inputs and waste 
Quantity  
(per kg ML) 
Ecoinvent v3.4 unit process 
Factory Factory (unit) 1.92 10-10 Market for chemical factory, organics [GLO] 
Sugar Sugar (kg) 0.865 Market for sugar, from sugar beet [GLO] 
Yeast Yeast extract (kg) 0.109 Yeast paste, from whey, at fermentation [CH] 
Calcium hydroxide Calcium hydroxide (kg) 0.356 Market for lime, hydrated, loose weight [RoW] 
Methanol 
Methanol (kg) 0.923 Market for methanol [GLO] 
Methanol recovered (kg) 0.616 - 
Sulphuric acid Sulphuric acid (kg) 0.502 Market for sulfuric acid [GLO] 
Water 
Water (kg) 8.00 Market group for tap water [RER] 
Deionised water (kg) 1.67 Market for water, deionised, from tap water, at user [Europe without Switzerland] 
Deionised water recovered (kg) 1.67 - 
Membrane & 
cleaning agents 
Titanium oxide (kg) 6.05 10-5 Market for titanium dioxide [RER] 
Water (kg) 1.16 Market group for tap water [RER] 
Sodium hydroxide (kg) 2.90 10-3 Market for sodium hydroxide, without water, in 50% solution state [GLO] 
Activated carbon & 
regeneration 
Activated carbon (kg) 6.28 10-5 Market for activated carbon, granular [GLO] 
Regenerated activated carbon (kg) 9.30 10-5 Treatment of spent activated carbon, granular from hard coal, reactivation [RER] 
Resin, conditioning 
& regeneration 
Resin (kg) 4.00 10-4 Anionic resin production [RoW] 
Sulphuric acid (kg) 2.90 Market for sulfuric acid [GLO] 
Sodium hydroxide (kg) 1.44 10-4 Market for sodium hydroxide, without water, in 50% solution state [GLO] 
Deionised water (kg) 29.5 Market for water, deionised, from tap water, at user [Europe without Switzerland] 
Waste 
Liquid waste (m3) 4.21 10-5 Treatment of wastewater, average, capacity 4.7E10 l/year [CH] 
Calcium sulphate waste (kg) 0.654 Treatment of waste gypsum, sanitary landfill [Europe without Switzerland] 
Activated carbon waste (kg) 6.28 10-5 Treatment of inert waste, sanitary landfill [Europe without Switzerland] 
Titanium oxide waste (kg) 6.04 10-5 Treatment of inert waste, sanitary landfill [Europe without Switzerland] 
Resin waste (kg) 4.00 10-4 Market for spent anion exchange resin from potable water production [GLO] 
Electricity Electricity (kWh) 6.32 Market group for electricity, medium voltage [RER] 




1.2 LCA RESULTS AND INTERPRETATION 
For greater clarity of results, process inputs and waste for methyl lactate fabrication are grouped into 
twelve clusters (see Table V.1). Concerning biomass MF for example, titanium oxide, water and 
sodium hydroxide are grouped into “Membrane & cleaning agents”.  
    
The contribution of these clusters to USEtox, IPCC GWP100a and ReCiPe total endpoint results are 













Figure V.2 Methyl lactate fabrication − Contribution of cluster process inputs and waste to (a) USEtox ecotoxicity, (b) 
USEtox human toxicity, (c) IPCC GWP100a and (d) ReCiPe total endpoint results  
 
Total scores for USEtox ecotoxicity, USEtox human toxicity, IPCC GWP100a and ReCiPe endpoint 
results equal 34 CTU, 3.3 10-6 CTU, 4.7 kg CO2-eq and 0.72 pts respectively. The extent to which 
clusters impact on the environment varies from one impact assessment method to another. The 
production of sugar for lactic acid fermentation contributes to less than 1% to USEtox human toxicity 
whereas it accounts for 24% of ReCiPe total endpoints.  
 
Two main contributors can however be highlighted for methyl lactate fabrication: “electricity” and 
“resin, conditioning & regeneration” clusters. 




- The vast majority of electricity consumption is due to thermal processes; filtration represents 
only 3% of total electricity consumption (see Figure V.3). Evaporating large quantities of water 
(5.6 and 1.8 kg per kg of methyl lactate respectively) notably explains the high contributions of 
evaporation and distillation (63 and 29% respectively).  
- The production of sulphuric acid accounts for more than 94% of the resin, conditioning and 
regeneration’s impact.  
 
 
Figure V.3 Methyl lactate fabrication − Contribution of unit processes to electricity consumption  
 
On the other hand, six clusters do not contribute significantly to any of the four impact assessment 
methods: “factory”, “yeast”, “water”, “membrane & cleaning”, “activated carbon & regeneration”, 
“waste”. Their grouped contribution never exceeds 5%.  
 
Results for ReCiPe endpoint impact categories are shown in Figure V.4. Impact categories with the 
greatest scores are fossil depletion (0.22 pts), climate change (0.13 pts for human health and 0.08 pts 
for ecosystem quality), agricultural land occupation (0.12 pts), particulate matter formation (0.09 
pts) and human toxicity (0.05 pts). Nine impact categories score below 0.01 pts.    
 
Electricity consumption particularly impacts on fossil depletion (0.09 pts) and climate change (0.08 
pts for human health and 0.05 for ecosystem quality). The greatest impact of sugar production is 
agricultural land occupation (0.11 pts) due to sugar beet production. The two main impacts of the 
“resin, conditioning & regeneration” cluster are fossil depletion (0.06 pts) and particulate matter 
formation (0.03 pts).   





Figure V.4 Methyl lactate fabrication − Contribution of cluster process inputs and waste to ReCiPe endpoint categories 
 
1.3 SENSITIVITY ANALYSIS  
Several parameters of methyl lactate fabrication vary over a wide value range and precise values are 
not always specified in the literature. The sensitivity of five parameters has thus been carried out to 
study the effect of data uncertainty. Tested ranges are given in Table V.2 and results in Table V.3.  
 
Table V.2 Methyl lactate fabrication − Parameters and value range for sensitivity analysis 
Parameter Unit Reference 
For sensitivity analysis 
Minimum Maximum 
Fermentation temperature °C 40 30 50 
Dextrose mass fraction in the fermentation broth - 0.09 0.08 0.10 
Final lactic acid mass fraction during evaporation - 0.25 0.20 0.30 
Final lactic acid mass fraction during ion purification - 0.25 0.20 0.30 
Sulphuric acid mass for resin regeneration kg 3.4 -50% +50% 
 
In accordance with the low contribution (5%) of fermentation to electricity consumption, no 
influence is observed for the tested value range of fermentation temperature.  
 
On the other hand, environmental impacts significantly vary over the studied range of dextrose mass 
fraction in the fermentation broth: an 11% change in the parameter leads to a 4-8% absolute change 
in impacts. For increased dextrose mass fraction, less energy is needed to evaporate the reduced 
amount of water. Dextrose mass fraction is however limited by lactic acid’s 12 wt% solubility in the 
broth. Given that adapted micro-organisms exist, fermentation temperature could for example be 
increased for increased lactic acid solubility and overall environmental mitigation. 
 




Final lactic acid mass fractions after evaporation and ion purification show similar sensitivities to one 
another: 2-5% and 2-6% absolute impact change, respectively, due to a 20% parameter change. In 
both cases, the quantity of water to be evaporated or distilled influences total energy consumption.  
 
It can be concluded from the sensitivity analysis of sulphuric acid mass for resin regeneration that 
this operation is to be considered as an important step for environmental assessment and mitigation. 
A 50% parameter change leads to a 5-27% absolute impact change depending on the considered 
assessment method. First, this parameter should be determined with greater precision. A relevant 
strategy could be to obtain industrial or experimental data instead of literature data for example. 
Then, an interesting study should consist in optimizing the unit operation with respect to sulphuric 
acid mass.    
  





Table V.3 Methyl lactate fabrication − Sensitivity analysis 
Parameter, impact assessment method 
Percentage difference (%) 
Minimum Maximum 
Fermentation temperature   
   USEtox ecotoxicity (CTU) 0 0 
   USEtox human toxicity (CTU) 0 0 
   IPCC GWP100a (kg CO2-eq) 0 0 
   ReCiPe endpoint (pts) 0 0 
Dextrose mass fraction in the fermentation broth   
   USEtox ecotoxicity (CTU) 6 -5 
   USEtox human toxicity (CTU) 5 -4 
   IPCC GWP100a (kg CO2-eq) 8 -7 
   ReCiPe endpoint (pts) 5 -4 
Final lactic acid mass fraction during evaporation   
   USEtox ecotoxicity (CTU) -4 3 
   USEtox human toxicity (CTU) -3 2 
   IPCC GWP100a (kg CO2-eq) -5 4 
   ReCiPe endpoint (pts) -4 2 
Final lactic acid mass fraction during ion purification   
   USEtox ecotoxicity (CTU) 4 -3 
   USEtox human toxicity (CTU) 3 -2 
   IPCC GWP100a (kg CO2-eq) 6 -4 
   ReCiPe endpoint (pts) 4 -2 
Sulphuric acid mass for resin regeneration   
   USEtox ecotoxicity (CTU) -18 19 
   USEtox human toxicity (CTU) -25 27 
   IPCC GWP100a (kg CO2-eq) -5 5 
   ReCiPe endpoint (pts) -10 10 
 
1.4 METHYL LACTATE VS NMP FABRICATION 
The fabrication of 1 kg of methyl lactate, the biosourced solvent, can be compared with that of 1 kg 
of NMP, the conventional petrochemical solvent. Total ReCiPe endpoint and GWP100a scores for 
methyl lactate fabrication are respectively 12% and 34% less than for NMP, whereas USEtox 
ecotoxicity and human toxicity scores are respectively 32 and 54% higher (see Table V.4). Producing 1 
kg of one or the other solvent does not globally produce less environmental impacts; it depends on 
the evaluation method considered.  
 




An interesting observation is the higher USEtox human toxicity score for methyl lactate (54%) but a 
lower ReCiPe endpoint human health score (-11%) compared to NMP. This difference stems from the 
fact that the ReCiPe human health score is composed of scores from six different sources of damages 
(see for example Figure V.4). USEtox considers only human toxicity. For NMP, a large contribution to 
human health is observed from climate change. If the ReCiPe human toxicity category is considered 
separately, scores are actually higher for methyl lactate by 31%.  
 
A disparity exists between the three ReCiPe endpoint impact categories: methyl lactate fabrication 
has a lower impact on human health (-11%) and resources (-35%) than that of NMP but a 46% 
greater impact on ecosystem quality. The environmental burden partially shifts from "fossil 
depletion" and "climate change" impact categories for NMP fabrication to the "agricultural land 
occupation" impact category for methyl lactate fabrication. The shift is indeed only partial: 
- The fabrication of methyl lactate still significantly impacts on "fossil depletion" and "climate 
change" impact categories but not to the same degree as NMP’s fabrication. 
- Overall, ReCiPe endpoint scores are lower for methyl lactate fabrication than for NMP. 
 
Table V.4 Methyl lactate vs NMP fabrication − Impact scores 
Evaluation method  
Score Percentage change (%) 
compared to NMP NMP Methyl lactate 
USEtox ecotoxicity (CTU) 26 34 32 
    
USEtox human toxicity (CTU) 2.1 10-6 3.3 10-6 54 
    
GWP100a (kg CO2-eq) 7.1 4.7 -34 
    
ReCiPe endpoint (pts) 0.82 0.72 -12 
   Ecosystem quality (pts) 0.14 0.21 46 
   Human health (pts) 0.31 0.28 -11 
   Resources (pts) 0.36 0.24 -35 
    
  




2 LCA OF CDA FABRICATION  
2.1 INVENTORY ANALYSIS 
Just like for CTA fabrication, the ecoinvent v3.4 database does not inventory the fabrication of CDA. 
The chosen CDA production process is the same as for CTA, which is based on Manda et al.’s (2014) 
study. The process flowsheet, assumptions and associated ecoinvent unit processes are identical to 
those of CTA (see Chapter III and Appendix III-1). One major difference is that the chosen degree of 
substitution for CDA is identical to that in Manda et al.’s (2014) work (i.e. 2.4). 
 
Table V.5 shows slight differences in consumptions and waste between CTA and CDA fabrication 
inventories (6.0-37.4%). This can firstly be explained by the difference in respective polymer 
molecular weight: for a given input cellulose quantity, the CTA mass produced is 6.0% greater than 
for CDA. The remaining difference comes from input consumptions of acetic acid, water and 
sulphuric acid that are adapted during hydrolysis to the desired degree of substitution. 
 
Table V.5 CDA vs CTA fabrication − Inventories adapted from Manda et al. (2014) 
Cluster Process inputs and waste 
Quantity (per kg polymer) Percentage change (%) 
compared to CTA  CTAa CDAb 
Factory Factory (unit) 1.82 10-10 1.93 10-10 6.0 
Cellulose Cellulose (kg) 0.572 0.606 6.0 
Acetic acid 
Acetic acid (kg) 3.97 4.27 7.5 
Acetic acid recovered (kg) 3.26 3.50 7.5 
Acetic anhydride Acetic anhydride (kg) 1.71 1.82 6.0 
Sulphuric acid Sulphuric acid (kg) 0.0750 0.103 37.4 
Sodium acetate Sodium acetate (kg) 0.125 0.172 37.4 
Water Water (kg) 19.6 21.4 9.2 
Waste 
Liquid waste (m3) 0.0223 0.0257 15.6 
Sodium sulphate (kg) 0.109 0.149 37.4 
Steam Steam (kg) 7.07 7.50 6.0 
Electricity Electricity (kWh) 0.613 0.650 6.0 
a CTA degree of substitution equal to 2.8. 
b CDA degree of substitution equal to 2.4. 
 
2.2 CDA VS CTA FABRICATION 
The fabrication of 1 kg of CDA, the polymer for biosourced membranes, can be compared with that 
of 1 kg of CTA, the polymer used for conventional membranes. Environmental impacts globally 
increase for all four evaluation methods for the fabrication of CDA, ranging from 6.5 to 8.1% (see 
Table V.6). This increase is in line with the increase in consumptions and waste observed in Table V.5. 
The higher percentage change of waste, sulphuric acid and sodium acetate consumptions (15.6-
37.4%) compared to other inputs (6.0-9.2%) does not significantly affect environmental scores since, 




as for CTA fabrication, their respective contributions remain below 1%. Note should indeed be taken 
that the contributions of process inputs and waste to environmental scores of CTA and CDA 
fabrication are identical (maximum 1% change). 
 
Table V.6 CDA vs CTA fabrication − Impact scores 
Evaluation method  
Score Percentage change (%) 
compared to CTA CTA CDA 
USEtox ecotoxicity (CTU) 41 44 7.1 
    
USEtox human toxicity (CTU) 2.9 10-6 3.1 10-6 8.1 
    
GWP100a (kg CO2-eq) 10 11 6.5 
    
ReCiPe endpoint (pts) 1.3 1.4 6.6 
   Ecosystem quality (pts) 0.31 0.32 6.4 
   Human health (pts) 0.43 0.46 6.7 
   Resources (pts) 0.59 0.63 6.7 
    
  




3 LCA OF BIOSOURCED VS CONVENTIONAL MEMBRANE FABRICATION 
3.1 GOAL AND SCOPE 
The goal of this final LCA is to compare the fabrication of biosourced and conventional membranes. 
 
The system boundaries are cradle to gate: from raw material extraction to membrane fabrication 
located in France. The construction and building of the production site, as well as the transport of 
inputs and waste from and to the production site are included in the system boundaries. 
 
The functional unit and product system are identical to those of the initial LCA on conventional 
membrane fabrication and are reminded below:  
- Functional unit: 1 m2 of membrane filtration surface; 
- Product system: membrane module composed of 55 m2 membrane filtration surface, 
membrane housing, adhesive and auxiliary equipment (grids, caps, plugs…). 
 
The LCA is based on the ecoinvent v3.4 database and carried out with Umberto LCA+ v10.0 software. 
The system model used with ecoinvent is the APOS. 
 
3.2 INVENTORY ANALYSIS 
The inventory of biosourced membrane fabrication takes into account changes in operating 
conditions compared to conventional membrane fabrication. Methyl lactate is used as a solvent 
instead of NMP, and membranes are made up of CDA instead of CTA. Methyl lactate also substitutes 
glycerol as a bore fluid. Mass compositions of polymer solution and bore fluid also differ and are 
listed in Table V.7. In biosourced polymer solution preparation, mixing and spinning temperatures 
equal 80°C instead of 60°C. As a result, densities and specific heat capacities vary (see Table V.7). The 
greatest differences concern the solvent’s specific heat capacity and the bore fluid’s density.  
  










Polymer CTA CDA 
Solvent NMP Methyl lactate 
Bore fluid  Glycerol Methyl lactate 
Polymer solution  
Polymer (wt%) 0.20 0.15 
Solvent (wt%) 0.78 0.82 
Additive (wt%) 0.02 0.03 
Temperature 
Solvent and polymer solution temperature 
during mixing (Tmix) (°C) 
60 80 
 Spinning temperature of bore liquid (TBL) (°C) 60 80 
Polymer Density at Tmix (kg L-1) 1.34 1.31 
Solvent Density at Tmix (kg L-1) 1.00 1.02 
 Specific heat capacity (kJ K-1 kg-1) 1.77 2.42a 
Bore fluid  
 
Composition in bore liquid (wt%) 0.05 0.16 
Density at TBL (kg L-1) 1.24 1.02 
Specific heat capacity (kJ K-1 kg-1) 2.43 2.42a 
a Approximated to ethyl lactate's specific heat capacity. 
 
Changes in mass compositions of polymer solution mechanically induce changes in additive and 
polymer consumptions: respectively 56% increase and 22% decrease. Methyl lactate consumption is 
18% greater than NMP consumption, which is not entirely accounted for by its use as bore fluid since 
this represents only 7% of its total consumption. The two other main reasons are the greater solvent 
mass percentage in the polymer solution (5% greater) and the greater biosourced polymer solution’s 
density (4% greater). 
 
Glycerol consumption remains unchanged (0.1%). It is not used as a bore fluid in biosourced 
membrane fabrication but this only represented 2% of its total consumption. This decline is 
compensated by the greater quantity needed during pre-conditioning to fill pores of biosourced 
membranes, which are more porous than conventional membranes. Increasing mixing and spinning 
temperatures to 80°C leads to a 29% increase in natural gas consumption. On the other hand, no 
changes in consumptions are observed for module components other than the hollow fibres (i.e. 
membrane housing, auxiliary equipment, adhesive, conditioning liquid). All percentage changes in 
consumptions and waste for biosourced membrane fabrication are summarized in Table V.8. 




Table V.8 Biosourced vs conventional membrane fabrication − Inventories 
Category Cluster Process inputs and waste 
Quantity (per m2 membrane) Percentage change (%) compared 
to conventional membrane Conventional Biosourced 
Membrane fabrication 
Lithium chloride Lithium chloride (kg) 0.0151 0.0235 56 
Glycerol Glycerol (kg) 0.780 0.781 0.1 
Sodium bisulfite Sodium bisulfite (kg) 0.0818 0.0818 0.0 
     
Water 
Tap water (kg) 117 119 2.3 
Softened water (kg) 26.6 27.1 2.2 
     
Adhesives 
Epoxy resin (kg) 0.127 0.127 0.0 
Hardener (kg) 0.0677 0.0677 0.0 
Calcium carbonate (kg) 0.0428 0.0428 0.0 
     
Module 
components 
Glass fibre (kg) 0.255 0.255 0.0 
Polyethylene (kg) 0.0391 0.391 0.0 
Polyvinylchloride (kg) 3.64 10-4 3.64 10-4 0.0 
Noryl (kg) 6.36 10-3 6.36 10-3 0.0 
     
Waste 
Liquid waste (m3) 0.143 0.147 2.3 
Solid waste (kg) 0.287 0.284 -0.9 
     
Electricity Electricity (kWh) 3.35 3.40 1.6 
Natural gas Natural gas (m3) 0.166 0.212 29 
 Factory Factory (unit)a 7.02 10-14 5.46 10-14 -22 
Solvent fabrication - NMP or methyl lactate (kg) 0.588 0.691 18 
Polymer fabrication - CTA or CDA (kg) 0.151 0.117 -22 
a Both membrane fabrication factories are approximated to a chemical factory as indexed in the ecoinvent database.




3.3 LCA RESULTS AND INTERPRETATION 
Comparing environmental impacts of conventional and biosourced membrane fabrication produces 
mixed results. As shown in Table V.9, biosourced membrane fabrication gives greater USEtox scores 
(14-19%) and lower GWP100a scores (-11%). The larger part (89-99%) of these percentage changes 
are due to variations of impacts related to solvent fabrication. The same trend in evaluation scores 
has actually been observed for the fabrication of 1 kg of the two solvents: greater USEtox scores (32-
54%) and lower GWP100a scores (-34%) for methyl lactate. Despite the 18% increase in solvent 
consumption in biosourced membrane fabrication, the GWP100a score remains lower than that of 
conventional membrane fabrication; a 52% increase of solvent consumption would give identical 
GWP100a scores between the two fabrication processes.  
 
Similar total ReCiPe endpoint scores (-0.5% percentage change) are obtained between the two 
fabrication processes, although discrepancies exist between the three endpoint categories (5.7, -0.5 
and -13% respectively for ecosystem quality, human health and resources).  
 
Table V.9 Biosourced vs conventional membrane fabrication − Impact scores  





Percentage change (%) 
compared to conventional membrane 
USEtox ecotoxicity (CTU) 53 61 14 
    
USEtox human toxicity (CTU) 5.1 10-6 6.0 10-6 19 
    
GWP100a (kg CO2-eq) 11 9.4 -11 
    
ReCiPe endpoint (pts) 1.9 1.9 -0.5 
   Ecosystem quality (pts) 0.97 1.0 5.7 
   Human health (pts) 0.47 0.47 -0.5 
   Resources (pts) 0.47 0.41 -13 
    
Further discrepancies appear between endpoint categories. As can be seen in Figure V.5, there is an 
almost complete burden shift from “fossil depletion” and “climate change – human health” to 
“agricultural land occupation” and “particulate matter formation”; the increase of the latter two 
categories equals 95% of the decrease of the former two categories. 
 





Figure V.5 Biosourced vs conventional membrane fabrication – ReCiPe endpoint results 
 
The lower scores of “fossil depletion” and “climate change − human health” for biosourced 
membrane fabrication are entirely due to lower impacts of solvent fabrication; greater impacts of 
membrane fabrication is indeed offset by lower impacts of polymer fabrication (see Figure V.6 (a) 
and (b)). This is true to a lesser extent for “agricultural land occupation” and “particulate matter 
formation”; solvent fabrication contributes to 95 and 86% respectively to the overall increase of the 




















Figure V.6 Biosourced vs conventional membrane fabrication − Contribution of categorized process inputs and waste to (a) 
fossil depletion, (b) climate change – human health, (c) agricultural land occupation and (d) particulate matter formation 





Impacts of membrane fabrication only (excluding solvent and polymer fabrication) are indeed greater 
for biosourced membrane fabrication; percentage changes of four main ReCiPe endpoint categories 
vary between 1 and 11% (see Table V.10). The greatest contributor to these increases is by far bore 
liquid and preconditioning liquid consumption (61 to 99%), which is accounted for by the increase in 
glycerol consumption during preconditioning due to greater membrane porosity.  
 
The increase in natural gas consumption for biosourced membranes, due to higher temperatures 
during polymer solution preparation, contributes to one third of the increase in fossil depletion. The 
increase in lithium chloride consumption due to a greater mass percentage in the polymer solution 
(from 2 to 3 wt%) impacts on climate change, agricultural land occupation and particulate matter 
formation with varying degrees from 1 to 12%. 
 
Table V.10 Biosourced vs conventional membrane fabrication – Greatest contributors to percentage change in main impact 
categories for membrane fabrication only (excluding solvent and polymer fabrication) 
Category Impact category 
Percentage 
change (%) 




Fossil depletion 11 BL and PRCa (61%), natural gas (33%) 
Climate change – human health 6 BL and PRCa (79%), lithium chloride (12%) 
Agricultural land occupation 1 BL and PRCa (99%), lithium chloride (1%) 
Particulate matter formation 9 BL and PRCa (88%), lithium chloride (9%) 
a bore liquid and preconditioning liquid 
 
3.4 SENSITIVITY ANALYSIS 
Solvent toxicity for human health, through vapour inhalation for example, is an important parameter 
during industrial operation and can encourage solvent substitution. Solvents can also be discarded 
into the environment as a component of (treated) effluents.  
 
In this work, emissions to indoor air (e.g. industrial hall) have not been considered due to a lack of 
information and data. In the above LCA results, NMP and methyl lactate present in liquid waste 
effluents have moreover been assumed to be totally degraded by wastewater treatment, thereby 
eliminating any emissions to water, soil or air compartments.  
These two substances are however known to degrade partially or with relatively long degradation 
half-lives. Studies on NMP in a static system with a sewage sludge seed and a semi-continuous 
activated sludge system reveal 95% removal after 2 weeks and an average of 7 days for 95% 
biodegradation (Howard, 1997). Methyl lactate, like most esters, is subject to hydrolysis. It has been 
observed that 8% of non-stabilized ethyl lactate, a similar chemical compound, in concentrations of 
60% hydrolyzes after 4 weeks at 25°C (Galactic, n.d.). Its hydrolysis product, lactic acid, degrades by 
more than 60% within 20 days in European-standardized biodegradation tests (ToxServices LLC, 
2013).  




Regardless of the sewage system and WWTP, hydraulic retention times of these substances are likely 
to be shorter than a week and be insufficient for total degradation (Deronzier et al., 2001). Due to 
actual degrees of degradation being unknown, three extreme scenarios that consider no degradation 
of NMP, methyl lactate or lactic acid are considered in a sensitivity analysis (see Table V.11): 
- no degradation of NMP (100% in WWTP effluents);  
- no degradation of methyl lactate (100% in WWTP effluents); 
- complete degradation of methyl lactate into lactic acid, and lactic acid is assumed to not degrade 
(100% in WWTP effluents). 
Environmental scores related to partial degradation of any one of these substances are thus between 
those of the reference scenario (i.e. complete solvent degradation) and extreme scenarios (i.e. no 
solvent degradation). 
   
Table V.11 Biosourced vs conventional membrane fabrication − Parameters and values for sensitivity analysis 
Parameter  Reference scenario Scenarios for sensitivity analysis 
NMP in WWTP effluent (%) 0 100 
   
Methyl lactate in WWTP effluent (%) 0 
100 
0 for methyl lactate and 100 for lactic acid 
 
In the reference scenarios for which both NMP and methyl lactate are assumed to be absent from 
WWTP effluents, USEtox ecotoxicity scores are 14% greater for biosourced membrane fabrication 
(see Table V.9). This percentage change falls to 6% if it is assumed that NMP does not degrade (57 
CTU in Table V.12). If either methyl lactate or lactic acid is present in WWTP effluents, the percentage 
change between biosourced and conventional membrane fabrication increases to 29-30% (i.e. 69 
CTU compared to 53 CTU). The latter value range is approximate since the USEtox ecotoxicity score 
of ethyl lactate has been taken due to a lack of data for methyl lactate.  
Data for USEtox human toxicity are also missing, for both methyl lactate and lactic acid. It can be 
noted that the assumption of NMP non-degradation does not significantly change the human toxicity 
score (5.1 10-6 CTU in both cases).   
 
USEtox is currently applicable to non-dissociating organic substances, which have been identified as 
substances with a listed pKa between 6 and 8, and being either a proton donor or acceptor. High 
uncertainties of environmental fate and human exposure are associated with these substances, 
which includes lactic acid (i.e. proton donor and pKa 3.9). Furthermore, endpoint characterization 
factors (i.e. toxicity potential) vary from 10-4 to 109 with uncertainty ranging from 102 to 105 (Fantke, 
2018). Given that endpoint characterization factors of NMP, ethyl lactate and lactic acid equal 6.7, 
12.7 and 15.6 CTU respectively, these can actually be considered as relatively equal. The same holds 
for scores in Table V.12 and should thus be interpreted with caution. 
 
  




Table V.12 Biosourced vs conventional membrane fabrication − Sensitivity analysis 
Scenario 
USEtox impact assessment method 
Ecotoxicity (CTU) Human toxicity (CTU) 
Reference  
Conventional membrane 53 5.1 10-6 
Biosourced membrane 61 6.0 10-6 
    
For sensitivity 
analysis 
100% NMP in WWTP effluent 57 5.1 10-6 
100% methyl lactate in WWTP effluent 69a N/A 
100% lactic acid in WWTP effluent 69 N/A 
a approximated to ethyl lactate’s USEtox ecotoxicity score. 
 
  






As regards membrane fabrication only, and thus excluding membrane operation and end-of-life, the 
strategy to fabricate biosourced membranes yields mixed environmental results depending on the 
considered evaluation method. The underlying assumption is that liquid waste of both fabrication 
processes is sent to wastewater treatment and their actual composition is for example not taken into 
account. Differences however exist and the undertaken sensitivity analysis shows that the 
environmental fate of solvents has an influence on LCA results: 
- Coagulation and rinsing liquid waste: three chemical compounds in biosourced membrane 
fabrication (i.e. methyl lactate, lithium chloride, water) compared to four in conventional 
membrane fabrication (i.e. NMP, lithium chloride, glycerol, water);   
- Preconditioning liquid waste: same chemical compounds except for the solvent (methyl 
lactate instead of NMP). 
Differences also exist in emissions of solvent vapours to indoor air and it would be interesting to 
integrate these in membrane fabrication inventories.  
 
Methyl lactate is prone to degradation by hydrolysis and its boiling point at atmospheric pressure 
(144°C) is lower than that of NMP (202°C). Although other properties such as flammability are to be 
considered, on-site waste treatment by recovery of the hydrolysis product (lactic acid) or distillation 
offers interesting prospects for biosourced membrane fabrication, especially if these are made 
mandatory by future regulatory measures.  
 
Overall, LCA results in this work do not show noteworthy differences between the two membrane 
fabrication processes. Percentage changes between processes should be considered cautiously and 
could be further compared with an uncertainty analysis of the inventories. For example, a focus 
could be done on the uptake of glycerol during pre-conditioning and examine the 15% difference 
between industrial and modelled values.  
 
These conclusions on membrane fabrication also need to be qualified since the real issue lies in the 
environmental performances of the operation stage. Greater insights on the comparison between 
biosourced and conventional membranes can only be gained once full characterization of biosourced 

















This study has focused on the ecodesign of UF membranes commonly used since the 1980s to treat 
freshwater resources. The life cycle of CA hollow fibres has been considered within a French context 
with a NIPS fabrication, inside-out dead-end filtration and disposal by incineration.  
 
As a first step, a modelling approach applied to the fabrication and operation stages aimed at 
identifying key process inputs and operating conditions to environmental impacts.  
Hollow fibre and module fabrication has been modelled as a batch process with the assumption of 
continuous stirred tanks for coagulation, rinsing and pre-conditioning. Consumptions and waste 
values generated by the model are consistent with industrial values of conventional membrane 
fabrication.  
The subsequent environmental analysis highlights the important role of solvent and membrane 
fabrication, as opposed to polymer fabrication. The contribution and sensitivity analyses of 
membrane fabrication identified glycerol-related operating conditions (e.g. glycerol source, ratio of 
pre-conditioning fluid input flow to output flow) as interesting action levers to mitigate 
environmental impacts. Opportunities for biosourced solvents also exist, notably to mitigate fossil 
depletion. Impacts on ecotoxicity should moreover be interpreted in the light of the assumption that 
liquid waste from membrane fabrication is sent for off-site municipal treatment; other assumptions 
on waste management (e.g. on-site recycling) could alter these impact results.   
 
As regards hollow fibre operation within an UF unit, the developed process model considers the 
continuous alternation of three operating modes (filtration, BW and CIP) under stable state. 
Regression functions that predict cleaning efficiencies and fouling rate are a function of membrane 
material, input water quality and operating conditions, and are the basis to determine relative 
permeability variations for consumption and waste calculations. Inferring regression function 
parameters from the literature has been inconclusive due to issues of data availability, relevance and 
representativeness.  
Despite these clear limitations, the sensitivity analysis of scenarios pinpoints the influence of 
filtration flux on environmental impacts. In these scenarios, the two main environmental 
contributors are electricity production (in particular that related to intake pumping) and BW chemical 
fabrication. Such preliminary results promote a research focus on regression functions so as to better 
quantify the influence and contributions of various parameters.  
 
Combining consumption and waste inventories generated by the two parameterized models with 
that of the disposal stage allowed for the environmental analysis of conventional hollow fibres during 
their entire life cycle; the operation stage accounts nearly exclusively for all environmental impacts. 
These results first imply that the operation stage is the key issue for environmental mitigation. A 
second implication is the wide latitude available for research and development on membrane 
fabrication: the priority objective is to obtain high-performing membranes and not to focus on the 
means used, even if these may entail toxic solvents for example. Caution should of course be taken 
before generalizing since the study applies to CTA membranes fabricated by NIPS with NMP as a 




solvent and lithium chloride as an additive. Further research is necessary to study the effect of the 
type of polymer, solvent, additive… Another reason for caution is that uncertainty analyses of the 
two models are lacking. The sensitivity analyses in this study provide a first insight of the potential 
effects of uncertainty and are worth developing alongside uncertainty analyses for greater model 
accuracy and robustness.  
 
Following the environmental analysis of conventional membranes, the improvement strategy 
implemented in this study has been to consider membrane fabrication as a starting point; solvent 
substitution in the polymer solution has been undertaken.  
 
Current practices of solvent substitution focus on solvent toxicity and solvency only, and offer no 
rationalization of sustainable membrane fabrication. A holistic methodological approach based on 
over fourty metrics has thus been developed to fully assess sustainability of membrane fabrication 
and applied to solvent substitution. Limitations encountered in the framework’s application have 
essentially been of technical nature.  
First of all, finding biosourced solvents with appropriate solvency power for the tested CTA was not 
straightforward and leads to using CDA. It is believed that the limited choice is partly due to the 
emerging state of green chemistry that has yet to propose adapted solutions to specific demands, 
and may be emphasized by a lack of economic drivers for sustainable membrane development. Since 
the membrane market alone is not sufficient to drive the development of new solvents, the 
availability of solvents (and polymers) for membrane fabrication depends on their effective use in 
other wider applications. 
Another technical limitation is the complex product−process relationship in membrane fabrication. 
Although the influence of operating conditions on final membrane characteristics are understood 
qualitatively, the lack of quantitative prediction makes it time-consuming to find adequate 
conditions. Membrane reproducibility is then only guaranteed if technical equipment is used to 
control parameters such as casting speed and air humidity, which was not the case in this study. 
 
Despite these technical limitations, the technical feasibility of fabricating biosourced flat membranes 
has been demonstrated. CDA, methyl lactate and lithium chloride have been respectively used as a 
polymer, solvent and additive. Values of pure water permeability and 200 kDa PEG retention are 
encouraging since in the same order of magnitude to those of conventional membranes. Further 
retention measurements, in particular related to microbial parameters (e.g. Escherichia coli, 
Enterococci), are also necessary to ensure that permeate water effectively complies with drinking 
water quality standards. Further filtration measurements with real water would give greater insight 
on the fouling behaviour of these new membranes.  
 
Due to the unavailability of the two aforementioned measurements, the environmental comparison 
of biosourced with conventional membranes has been limited to the fabrication stage. The mixed 
environmental scores do not preclude solvent substitution as a relevant improvement strategy; the 




entire life cycle needs to be considered, in particular the operation stage. One clearly identified 
limitation of this comparison is the understanding and consideration of solvents’ environmental 
fates, including their on-site vapour emissions and biodegradation. Results are to be considered 
cautiously, especially since an uncertainty analysis of the methyl lactate inventory has not been 
undertaken.   
 
Given that LCA results do not show noteworthy differences between the two membrane fabrication 
processes, it can be argued from a membrane manufacturer’s point of view that there is little 
justification to steer innovation towards sustainable membrane fabrication. The growing 
environmental awareness of their clients can however be a driver for change and membrane 
biosourcing used as a selling point. Innovation can also be a development strategy to anticipate ever 
more stringent regulatory requirements that will inevitably bring about changes in industrial 
practices. 
 
This study has highlighted the feasibility of ecodesigning UF membranes. Both technical and 
environmental considerations have been taken into account for the life cycle analysis of hollow 
fibres, and offer insights into environmental contributions that could have not been estimated 
otherwise. Another noteworthy point is the relevance of the two parameterized models, both of 
which highlight key operating conditions, identify useful action levers and discard ineffective ones as 
regards environmental impacts.  
Implementing both modelling and experimental approaches to ecodesign put forth several 
bottlenecks worth tackling. Data availability is a first crucial issue and the lack thereof has led to 
generate data by process modelling of CA and methyl lactate production. The accuracy of 
environmental analyses on which ecodesign is based furthermore depends on understanding 
mechanisms involved in each life cycle stages, be it phase inversion for membrane fabrication, 
fouling for membrane operation or the environmental fate of chemicals. Lastly, ecodesign in this 
work considers potential global environmental impacts rather than local ones; analysis of local and 
site-specific issues could supplement life cycle analysis (e.g. risk assessment, substance flow analysis, 
environmental impact assessment). 
 
This study offers several perspectives, whether it be on solvent substitution in membrane fabrication, 
other improvement strategies or on ecodesign:  
 
- Further develop biosourced membranes: flat membranes may be scaled up to hollow fibres. 
Besides UF applications, these membranes may act as a sublayer in composite membranes for 
reverse osmosis. 
 
- Investigate other membrane fabrication processes: from an environmental perspective, the 
wide latitude available for membrane fabrication research opens up opportunities for tunable 




solvents (e.g. ionic liquids, supercritical carbon dioxide) and high-temperature processes (e.g. 
TIPS). 
 
- Focus on the environmental mitigation of membrane operation: a better prediction of 
permeability variations is needed before optimizing membrane operation. A statistical analysis 
approach may suggest correlations between input water quality, membrane material, operating 
conditions and membrane performances.  
 
- Integrate inner and outer loops to life cycle stages: reuse (e.g. membrane housing) or recycling 
(e.g. solvents) are initiatives that address environmental mitigation, and as such are to be 
integrated in any design phase.    
 
- Extend ecodesign to complete water treatment processes: ecodesigning UF is a necessary step 
towards ecodesigning membrane-based drinking water processes and for further comparison 
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APPENDIX II−1 HOLLOW FIBRE AND MODULE FABRICATION − MODELLING EQUATIONS 
1 ABBREVIATIONS SPECIFIC TO APPENDICES II-1, II-2 AND II-3 
 
Fluid or compound  Unit operation 
A1 Compound 1 in adhesive  adh Adhesion 
A2 Compound 2 in adhesive  bundl Bundling 
BL Bore liquid  coag Coagulation 
BL1 Bore fluid 1 in bore liquid  cond Conditioning 
BL2 Bore fluid 2 in bore liquid  cut Cutting 
CL Conditioning liquid  degas Degassing 
CL1 Conditioning fluid 1 in conditioning liquid  dry Drying 
CL2 Conditioning fluid 2 in conditioning liquid  filt Filtration 
HF Hollow fibre  heat Heating 
HTW1 Hydraulic test water during step 1  mix Mixing 
HTW2 Hydraulic test water during step 2  precond Pre-conditioning 
NS Non-solvent  pump Pumping 
PA1 Compound 1 in pre-adhesive  recirc Recirculation 
PA2 Compound 2 in pre-adhesive  rins Rinsing 
PA3 Compound 3 in pre-adhesive  spin Spinning 
PRC Pre-conditioning liquid  stir Stirring 
PRC1 Pre-conditioning fluid 1 in pre-conditioning liquid    
PRC2 Pre-conditioning fluid 2 in pre-conditioning liquid    
PS Polymer solution    
RW Rinsing water    
 
Calculated parameter Unit  Calculated parameter Unit 
Cp Specific heat capacity kJ kg-1 K-1  S Surface m2 
E Energy kWh  t Time h 
L Length m  U Global heat transfer coefficient W m-2 K-1 
m Mass kg  V Volume m3 
M Mass flow rate kg h-1  w Mass fraction no unit 
n Number no unit  ρ Density kg m-3 
Q Volume flow rate m3 h-1  φ Diameter m 
  




2 MATERIAL AND ENERGY BALANCES 
Material and energy balances are detailed for the various unit operations of hollow fibre and module 
fabrication. Material inputs, outputs and waste of each unit operation are summarized in a diagram 
similar to Figure 1.  
 
Figure 1 Schematic block diagram of an unit operation 
2.1 DIMENSIONS AND PRODUCTION 
Further consumption and waste calculations involve geometrical dimensions of modules, hollow 
fibres and the spinneret, which are illustrated in Figure 2 and Figure 3. 
 
Figure 2 Surfaces (i.e. shaded area) of an object made up of two concentric circles (e.g. hollow fibre, spinneret) 
 
 
Figure 3 Module lengths and heights 
  




Table 1 Parameters of Module dimensions and production 
Operating conditions and/or engineering design facts 
Input parameter Description Unit 
φHF,inner 
φHF,outer 
Inner HF diameter 





,   Ratio spinneret and HF inner diameters - 
,

,   Ratio spinneret and HF outer diameters - 
Lmodule,outer Module outer length m 
hadhesive,module Adhesive height in module (both ends) m 
φmodule, inner Module inner diameter  m 
Smodule Filtration surface per module m2 
nmodule per week Number of modules fabricated per week - 




ϕ, = ϕ, ∙ ϕ,ϕ,  [m] (1) 
 
ϕ, = ϕ, ∙ ϕ,ϕ,  [m] (2) 
 
Spinneret surfaces 
S,	 = π4 ∙ #ϕ,$ − ϕ,$ & [m2] (3) 
 
S, = π4 ∙ ϕ,$  [m2] (4) 
 
Hollow fibre surfaces 
S,	 = π4 ∙ #ϕ,$ − ϕ,$ & [m2] (5) 
 
S, = π4 ∙ ϕ,$  [m2] (6) 
 
S, = π4 ∙ ϕ,$  [m2] (7) 
 
Module inner dimensions 
L(), = L(), − h)+,,() [m] (8) 
 




S(), = π4 ∙ ϕ(),$  [m2] (9) 
 
Number of hollow fibres per module 
n		() = S()π ∙ 	ϕ, ∙ L(), [no unit] (10) 
 
Module dimensions 
The module cross-section containing adhesive (Smodule cross-section,adh) and module volume filled with the 
conditioning liquid (Vmodul,cond) are needed for consumption calculations during glueing and 
conditioning, respectively. 
 
S()	./.,)+ = S(), − n		() ∙ 	 S, [m2] (11) 
 
V(),.) = L(), ∙ 	S()	./.,)+ [m3] (12) 
 
 
Module production capacity 
The production capacity is determined on the basis of the weekly production.  
 
n()		1.+ = n()		23n1.+		23  [no unit] (13) 
 
     
  




2.2 POLYMER SOLUTION MIXING 
Hollow fibres are composed solely of polymer material. Polymer, additive and solvent inputs are 
determined with, among other model input parameters, the plant’s production capacity.  
 
 
Figure 4 Block diagram of Polymer solution mixing 
 
Table 2 Parameters of the unit operation Polymer solution mixing 
Operating conditions and/or engineering design facts 
Input parameter Description Unit 
Tmix Solvent and PS temperature during mixing °C 
TNS NS temperature during coagulation °C 
wpolymer,PS 
wadditive,PS 
Mass fraction polymer in PS 
Mass fraction additive in PS 
- 
- 
%defective module reject Defective module reject rate after hydraulic testing - 
Lbundle Bundle length during bundling m 
4,56
756   Dissipated power density during solvent stirring  kW m
-3 
4,89
789   Dissipated power density during PS stirring kW m
-3 
tstir,solvent Stirring time for solvent h 
tstir,PS Stirring time for PS h 
Tref Reference temperature (e.g. of storage room) °C 
 
Technical constraints 
Input parameter Description Unit 
EERair cooler Air cooler energy efficiency ratio  - 
ɳcompressor Air cooler compressor efficiency  - 
ɳstir Stirrer efficiency  - 
 
  





Input parameter Description Unit 
ρpolymer,Tmix Polymer density at Tmix kg m-3 
ρadditive,Tmix Additive density at Tmix kg m-3 
ρsolvent,Tmix Solvent density at Tmix kg m-3 
ρpolymer,TNS Polymer density at TNS  kg m-3 
ρadditive,TNS Additive density at TNS  kg m-3 
ρsolvent,TNS Solvent density at TNS  kg m-3 
Cpsolvent Specific heat capacity solvent kJ kg-1 K-1 
 
Polymer solution density 




[kg m-3] (14) 
   




[kg m-3] (15) 
 
Polymer solution mass per polymer solution batch 
The boundary condition at the air ─ non-solvent interface during coagulation involves the 
conservation of polymer solution mass.  
 
M4; = M → ρ4;,<(= ∙ v4; ∙ S,	 = ρ4;,<B; ∙ v ∙ S,	  
 [kg h-1] (16) 
 




ρ4;,<B; 	 ∙ 	 	S,	 
ρ4;,< 	 ∙ 	S,	  [no unit] (17) 
 
Polymer solution mass per polymer solution batch is calculated by converting the total fabricated 
length of hollow fibre into a total extruded length of polymer solution.   
 
m1.+,4; = ;GH5	∙	GH5		IJKLMN/%HPK6	GH5	QKR ∙ 	
SGH5,
SGH5, ∙ SIH5SGH5, ∙ 	
;,J5J	T	∙	U89,VT
W	∙	
, ∙ 	 ,89,T  
 [kg] (18) 
Equation (18) can be simplified to Equation (19). 
 
m1.+,4; = ;GH5	∙	GH5		IJKLMN/%HPK6	GH5	QKR ∙ 	
SGH5,




,   
 [kg] (19) 
 




Polymer solution volume per polymer solution batch      
  
V1.+,4; = m1.+,4;ρ4;,<(=  [m3] (20) 
 
Input mass (i.e. polymer, solvent, additive) 
w,,4; = 1 − w@(,4; − w)),,4; [no unit] (21) 
 
m@( = w@(,4; ∙ m1.+,4; [kg] (22) 
 
m, = w,,4; ∙ m1.+,4; [kg] (23) 
 
m)), = w)),,4; ∙ m1.+,4; [kg] (24) 
 
Energy required for solvent stirring and heating 
E,, = P,,V, ∙ [
m,ρ,,<(= A
m)),ρ)),,<(=\ ∙
t,,ɳ  [kWh] (25) 
 
E+,, = m, ∙ Cp, ∙ MT(= − TbR − 	E,, ∙ ɳ [kWh] (26) 
 
Energy required for polymer solution stirring and cooling 
E,4; = P,4;V4; ∙ V1.+,4; ∙
t,4;ɳ  [kWh] (27) 
 
E.,4; = −E,4; ∙ ɳ [kWh] (28) 
 
Energy required for air cooler 
Process water used to cool the polymer solution is cooled by an air cooler. 
 
E	. = − E.,4;EER	. ∙ ɳ.( [kWh] (29) 
 




2.3 BORE LIQUID MIXING  
One bore liquid batch is considered per polymer solution batch. 
 
 
Figure 5 Block diagram of the unit operation Bore liquid mixing 
 
Table 3 Parameters of the unit operation Bore liquid mixing 
Operating conditions and/or engineering design facts 
Input parameter Description Unit 
nspinneret Number of spinnerets - 
vspinning Spinning speed m h-1 
TBL Spinning temperature BL °C 
wBL1 Mass fraction BL1 in BL - 
4,de
7de   Dissipated power density during BL stirring  kW m
-3 
tstir,BL Stirring time for BL h 
 
Technical constraints 
Input parameter Description Unit 
ɳstir Stirrer efficiency - 
 
Fluid properties 
Input parameter Description Unit 
ρBL1,TBL Density BL1 at TBL kg m-3 
ρBL2,TBL Density BL2 at TBL kg m-3 
CpBL1 Specific heat capacity BL1 kJ kg-1 K-1 
CpBL2 Specific heat capacity BL2 kJ kg-1 K-1 
 
  




Polymer solution and bore liquid volumetric flow 
The boundary condition at the air ─ non-solvent interface during coagulation involves the 
conservation of polymer solution and bore liquid masses. 
 
M4; = M → ρ4;,<(= ∙ v4; ∙ S,	 = ρ4;,<B; ∙ v ∙ S,	  
 [kg h-1] (30) 
 
MfS = M → ρfS,< ∙ vfS ∙ S, = ρfS,<B; ∙ v ∙ S, 
 [kg h-1] (31) 
 
During extrusion, the polymer solution passes through the annular ring of the spinneret and the bore 
liquid inside the spinneret’s lumen. 
 
Q4; = v4; ∙ S,	  [m3 h-1] (32) 
 
QfS = vfS ∙ S, [m3 h-1] (33) 
 
Equations (30) to (33) lead to Equations (34) and (33). 
 
Q4; = v ∙ S,	 ∙ ρ4;,<B;ρ4;,<(= [m3 h-1] (34) 
 
QfS = v ∙ S, ∙ ρfS,<B;ρfS,<fS [m3 h-1] (35) 
    
Spinning time required per polymer solution batch 
t1.+ = V1.+,4;Q4; 	 ∙ 	n [h] (36) 
 
Bore liquid input mass 
ρfS,<fS = 1wfSNρfSN,<fS A
M1 − wfSNRρfS$,<fS
 
[kg m-3] (37) 
 
mfS = ρfS,<fS ∙ QfS h t1.+ ∙ n [kg] (38) 
 
mfSN = wfSN ∙ mfS [kg] (39) 
 
mfS$ = M1 − wfSNR ∙ mfS [kg] (40) 
 
Energy required for bore liquid stirring and heating 
CpfS = wfSN ∙ CpfSN A M1 − wfSNR ∙ CpfS$ [kJ kg-1 K-1] (41) 





E,fS = P,fSVfS ∙
mfSρfS,<fS ∙
t,fSɳ  [kWh] (42) 
 
E+,fS = mfS ∙ CpfS ∙ MTfS − TbR − 	E,fS ∙ ɳ [kWh] (43) 
  




2.4 DEGASSING AND EXTRUSION 
Both PS and BL are degassed in separate vessels. Temperature is controlled. Both fluids are pumped 
to the spinneret for extrusion. 
 
Figure 6 Block diagram of the unit operations Degassing and extrusion 
 
Table 4 Parameters of the unit operations Degassing and extrusion 
Operating conditions and/or engineering design facts 
Input parameter Description Unit 
Tair Air temperature °C 
tdegas,PS PS degassing duration h 
tdegas,BL BL degassing duration h 
nfilt,PS Number of PS filtrations - 
 
Technical constraints 
Input parameter Description Unit 
xdegas PS Thickness of PS degassing vessel m 
xdegas BL Thickness of BL degassing vessel m 
λdegas PS PS vessel jacket thermal conductivity W m-1 K-1 
λdegas BL BL vessel jacket thermal conductivity W m-1 K-1 
hair Convective heat transfer coefficient for air W m-2 K-1 
ɳthermal,discontinuous Thermal transfer efficiency for discontinuous unit operations - 
ΔhBL Total manometric head of BL pump m 
ΔPPS PS pump differential pressure Pa 
ɳpump Pump efficiency - 
 
  




Energy required to maintain constant temperature of the polymer solution degassing vessel 
Process water is used to maintain PS at the desired temperature during degassing and spinning. The 
heat transfer from PS to the air through the vessel's wall is compensated by process water. A 
standard Rushton vessel (i.e. vessel diameter equal to the liquid's height in the vessel) is considered 
to calculate the exchange surface.    
ϕi+,) 	4; = j4	 ∙ 	V1.+,4;π k
Nl
 [m] (44) 
 
S,) 	4; = π ∙ ϕi+,) 	4;$  [m2] (45) 
 
S,) 	4; = π ∙ #ϕi+,) 	4; A 2 ∙ x) 	4;& ∙ ϕi+,) 	4; [m2] (46) 
 




The global heat transfer coefficient (U) considers conduction through the vessel wall's thickness and 
convection on the outside of the vessel, weighted by the heat exchange surfaces involved. 
 
1
MU ∙ SR4; =
x) 	4;
λ) 	4; 	 ∙ 	S (,) 	4; A
1
h	 ∙ 	S,) 	4; [K W-1] (48) 
 
Equation (48) can be expressed as Equation (49). 
 
MU ∙ SR4; = 1r x) 	4;λ) 	4; ∙ 	S (,) 	4; A	
1h ∙ 	S,) 	4;s
 
[W K-1] (49) 
 
E) ,4; = MU ∙ SR4; ∙ MT(= − TR ∙ 	 #t) ,4; A t1.+& [Wh] (50) 
 
Energy required to maintain constant temperature of the bore liquid degassing vessel 
The same approach as for polymer solution degassing is taken for bore liquid degassing. 
ϕi+,) 	fS = j4	 ∙ 	QfS ∙ 	 t1.+ ∙ 	nπ k
Nl
 [m] (51) 
 
S,) 	fS = π ∙ ϕi+,) 	fS$  [m2] (52) 
 
S,) 	fS = π ∙ #ϕi+,) 	fS A 2 ∙ x) 	fS& ∙ ϕi+,) 	fS [m2] (53) 
 
S (,) 	fS = S,) 	fS − S,) 	fSln jS,) 	fSS,) 	fSk
 
[m2] (54) 





MU ∙ SRfS = 1r x) 	fSλ) 	fS ∙ 	S (,) 	fS A	
1h ∙ 	S,) 	fSs
 
[W K-1] (55) 
 
E) ,fS = MU ∙ SRfS ∙ MTfS − TR ∙ 	 #t) ,fS A t1.+& [Wh] (56) 
 
Energy required to compensate for heat loss during polymer solution and bore liquid preparation 
Heat loss Eheat,discontinuous is calculated for polymer solution and bore liquid preparation together. It 
includes heat loss of the polymer solution and bore liquid during heating, stirring, transfer, degassing 
and spinning.  
 
E+	,). = N/tLGJ5,HKtLGJ5,HK ∙ #E+,, A E,, ∙ η A E+,fS A E,fS ∙ η A
E) ,4; A E) ,fS&  
 [kWh] (57) 
 
Energy required for bore liquid and polymer solution extrusion 
E(,fS = mfS ∙ 	g	 ∙ 	ΔhfSη(  [J] (58) 
 




      
  




2.5 COAGULATION  
The coagulation tank is modelled as a continuous stirred tank. The polymer in the polymer solution 
coagulates whereas the solvent and additive diffuse in the non-solvent.  
The volume of pores and fibre lumens remains unchanged and filled with liquid along the spinning 
process. The volume of pores is estimated to be equal to the volume of solvent at coagulation 
temperature and thus, any pore contraction or expansion is not taken into account.  
 
 
Figure 7 Block diagram of the unit operation Coagulation 
     
Table 5 Parameters of the unit operation Coagulation 
Operating conditions and/or engineering design facts 
Input parameter Description Unit 
TNS NS temperature during coagulation °C 
wsolvent,coag Mass fraction solvent in coagulation tank - 
xKK	X9
x	X9   Ratio NS recirculation flow : NS input flow - 
x	X9
xX9,	KJT  Ratio NS input flow : NS coagulation output flow  - 
 
Technical constraints 
Input parameter Description Unit 
Δhrecirc NS  Total manometric head of NS recirculation pump m 
ɳpump Pump efficiency - 
ɳthermal,continuous Thermal transfer efficiency for continuous unit operations - 
 
  





Input parameter Description Unit 
ρNS,TNS NS density at TNS kg m-3 
ρsolvent,TNS Solvent density at TNS kg m-3 
ρadditive,TNS Additive density at TNS kg m-3 
ρBL,TNS BL density at TNS kg m-3 
Cpinput NS Specific heat capacity NS kJ kg-1 K-1 
 
Volume of fibre pores and lumen 
The volume of pores is estimated to be equal to the volume of solvent at coagulation temperature 
(i.e. 
(56
U56,VX9 ). The volume of lumens is calculated from spinning conditions (speed, duration, 
number of spinnerets) and hollow fibre dimensions. 
 
Vy(,. = m,ρ,,<B; A MS, ∙ v ∙ t1.+ ∙ nR [m3] (60) 
 
Mass fraction in coagulation tank (including in hollow fibre) 
Mass fractions in the coagulation tank are calculated according to the mass ratio between the 
solvent and chemical under consideration (i.e. additive or bore liquid). 
 
w)),,. = w,,. ∙ m)),m,  [no unit] (61) 
 
wfS,. = w,,. ∙ mfSm, [no unit] (62) 
 
wB;,. = 1 − w,,. − w)),,. − wfS,.  [no unit] (63) 
 









  [kg m-3] (64) 
 
Given the continuous stirred tank assumption, the mass fraction of a given chemical in fibre pores 
and lumen equals that in the coagulation tank. 
 
m,,	. = w,,. ∙ 	 ρ. ∙ 	Vy(,.  [kg] (65) 
 
m)),,	. = w)),,. ∙ 	 ρ. ∙ 	Vy(,.  [kg] (66) 
 
mfS,	. = wfS,. ∙ 	ρ. ∙ 	Vy(,.  [kg] (67) 
 




mB;,	. = wB;,. ∙ 	ρ. ∙ 	Vy(,.  [kg] (68) 
 
 
mfSN,	. = wfSN ∙ 	mfS,	.  [kg] (69) 
 
mfS$,	. = M1 − wfSNR ∙ 	mfS,	.  [kg] (70) 
 
Non-solvent mass  
The factor 
x	X9
x	X9,|5G globally considers the convection and diffusion of the non-solvent from 
the coagulation tank in fibre pores and lumen.  
 
m	B; = mB;,	. ∙ Q	B;Q	B;,y( [kg] (71) 
 
Non-solvent recirculation ensures homogeneous temperature in the coagulation tank. 
 
m..	B; = m	B; ∙ Q..	B;Q	B;  [kg] (72) 
 
Energy required for non-solvent heating and pumping 
E+,	B; = m	B; ∙ Cp	B; ∙ MTB; − TbR [kJ] (73) 
 
E+	,	B; = E+,	B; ∙ M1 − η+(,.Rη+(,.  [kJ] (74) 
 
E(,..	B; = m..	B; 	 ∙ 	g	 ∙ 	Δh..	B;η(  [J] (75) 
 
       
 
    
 
       
 
  





The rinsing tank is modelled as a continuous stirred tank. 
 
 
Figure 8 Block diagram of the unit operation Rinsing 
 
Table 6 Parameters of the unit operation Rinsing 
Operating conditions and/or engineering design facts 
Input parameter Description Unit 
wsolvent,rins Mass fraction solvent in rinsing tank - 
TRW RW temperature during rinsing °C 
xKK	}~
x	}~   Ratio RW recirculation flow : RW input flow - 
x	}~
x}~,	  Ratio RW input flow : RW rinsing output flow - 
 
Technical constraints 
Input parameter Description Unit 
Δhrecirc RW Total manometric head of RW recirculation pump m 
ɳpump  Pump efficiency - 
 
Fluid properties 
Input parameter Description Unit 
ρRW,TRW RW density at TRW kg m-3 
ρsolvent,TRW RW density at TRW kg m-3 
ρadditive,TRW RW density at TRW kg m-3 
ρBL,TRW RW density at TRW kg m-3 
ΡNS,TRW RW density at TRW kg m-3 
Cpinput RW Specific heat capacity RW kJ kg-1 K-1 
 
Mass fraction in rinsing tank (including in hollow fibre) 




Mass fractions in the rinsing tank are calculated according to the mass ratio between the solvent and 
chemical under consideration (i.e. additive, bore liquid or non-solvent). 
 
w)),, = w,, ∙ m)),,	. m,,	.  [no unit] (76) 
 
wfS, = w,, ∙ mfS,	. m,,	.  [no unit] (77) 
 
wB;, = w,, ∙ mB;,	. m,,	.  [no unit] (78) 
 
wi, = 1 −w,, −w)),, − wfS, − wB;, [no unit] (79) 
 
Mass inside pores and fibre lumen leaving the rinsing tank 
 





 [kg m-3] (80) 
 
Given the continuous stirred tank assumption, the mass fraction of a given chemical in fibre pores 
and lumen equals that in the rinsing tank. 
 
m,,	 = w,, ∙ 	ρ ∙ 	Vy(,.  [kg] (81) 
 
m)),,	 = w)),, ∙ 	ρ ∙ 	Vy(,.  [kg] (82) 
 
mfS,	 = wfS, ∙ 	 ρ ∙ 	Vy(,.  [kg] (83) 
 
mB;,	 = wB;, ∙ 	 ρ ∙ 	Vy(,.  [kg] (84) 
 
mi,	 = wi, ∙ 	 ρ ∙ 	Vy(,.  [kg] (85) 
 
 
mfSN,	 = wfSN ∙ 	mfS,	 [kg] (86) 
 
mfS$,	 = M1 − wfSNR ∙ 	mfS,	 [kg] (87) 
 
Rinsing water mass  
The factor 
x	}~
x}~,	 globally considers the convection and diffusion of the rinsing water from the 
rinsing tank in fibre pores and lumen.  





m	i = mi,	 ∙ x	}~x}~,	  [kg] (88) 
 
Recirculation of rinsing water ensures homogeneous temperature in the rinsing tank. 
 
m..	i = m	i ∙ Q..	iQ	i  [kg] (89) 
 
Energy required for rinsing water heating and pumping 
E+,	i = m	i ∙ Cp	i ∙ MTi − TbR [kJ] (90) 
 
E+	,	i = E+,	i ∙ M1 − η+(,.Rη+(,.  [kJ] (91) 
 
E(,..	i = m..	i 	 ∙ 	g	 ∙ 	Δh..	iη(  [J] (92) 
 
 
       
 
    
 
       
  





The pre-conditioning tank is modelled as a continuous stirred tank. 
 
 
Figure 9 Block diagram of the unit operation Pre-conditioning 
 
Table 7 Parameters of the unit operation Pre-conditioning 
Operating conditions and/or engineering design facts 
Input parameter Description Unit 
wsolvent,precond Mass fraction solvent in pre-conditioning tank - 
wPRC1 Mass fraction PRC1 in PRC - 
TPRC PRC temperature during pre-conditioning °C 
xKK	8}
x	8}   Ratio PRC recirculation flow : PRC input flow - 
x	8}
x8},	KH  Ratio PRC input flow : PRC preconditioning output flow - 
 
Technical constraints 
Input parameter Description Unit 
ΔhPRC1 Total manometric head of PRC1 pumping m 
Δhrecirc PRC Total manometric head of PRC recirculation pumping m 
ɳpump Pump efficiency - 
 
  





Input parameter Description Unit 
ρsolvent,TPRC Solvent density at TPRC kg m-3 
ρsolvent,TPRC Additive density at TPRC kg m-3 
ρBL,TPRC BL density at TPRC kg m-3 
ρNS,TPRC NS density at TPRC kg m-3 
ρRW,TPRC RW density at TPRC kg m-3 
ρPRC1,TPRC PRC1 density at TPRC kg m-3 
ρPRC2,TPRC PRC2 density at TPRC kg m-3 
CpPRC1 Specific heat capacity RW kJ kg-1 K-1 
 
Mass fraction in pre-conditioning tank (including in hollow fibre) 
Mass fractions in the pre-conditioning tank are calculated according to the mass ratio between the 
solvent and chemical under consideration (i.e. additive, bore liquid, non-solvent or rinsing water). 
 
w)),,.) = w,,.) ∙ m)),,	m,,	  [no unit] (93) 
 
wfS,.) = w,,.) ∙ mfS,	m,,	 [no unit] (94) 
 
wB;,.) = w,,.) ∙ mB;,	m,,	 [no unit] (95) 
 
wi,.) = w,,.) ∙ mi,	m,,	 [no unit] (96) 
 
w4i,.) = 1 −w,,.) −w)),,.) − wfS,.)
− wB;,.) −wi,.) [no unit] (97) 
 
Mass inside pores and fibre lumen leaving the pre-conditioning tank 
ρ4i,<4i = Nz8}{8},V8}	y	M		z8}R{8},V8}	  [kg m-3] (98) 
 
ρ.) = Nz56,KH{56,V8} 	y	zJHH6,KH{JHH6,V8} 	y	zde,KH{de,V8} 	y	zX9,KH{X9,V8} 	y	z}~,KH{}~,V8} 	y	z8},{}~,V8}
  
 [kg m-3] (99) 
 
Given the continuous stirred tank assumption, the mass fraction of a given chemical in fibre pores 
and lumen equals that in the pre-conditioning tank. 
 
m,,	.) = w,,.) ∙ 	ρ.) ∙ 	Vy(,.  [kg] (100) 





m)),,	.) = w)),,.) ∙ 	ρ.) ∙ 	Vy(,.  [kg] (101) 
 
mfS,	.) = wf,.) ∙ 	 ρ.) ∙ 	Vy(,.  [kg] (102) 
 
mB;,	.) = wB;,.) ∙ 	ρ.) ∙ 	Vy(,.  [kg] (103) 
 
mi,	.) = wi,.) ∙ 	 ρ.) ∙ 	Vy(,.  [kg] (104) 
 
m4i,	.) = w4i,.) ∙ 	 ρ.) ∙ 	Vy(,.  [kg] (105) 
 
 
mfSN,	.) = wfSN ∙ 	mfS,	.) [kg] (106) 
 
mfS$,	.) = M1 − wfSNR ∙ 	mfS,	.) [kg] (107) 
 
m4iN,	.) = w4iN ∙ 	m4i,	.) [kg] (108) 
 
m4i$,	.) = M1 − w4iNR ∙ 	m4i,	.) [kg] (109) 
 
Pre-conditioning fluid mass 
The factor 
x	8}
x8},	KH globally considers the convection and diffusion of the pre-conditioning 
fluid from the pre-conditioning tank in fibre pores and lumen.  
 
m	4i = m4i,	.) ∙ Q	4iQ4i,	.) [kg] (110) 
 
m	4iN = w4iN ∙ m	4i [kg] (111) 
 
m	4i$ = M1 − w4iNR ∙ m	4i [kg] (112) 
 
Recirculation of the pre-conditioning fluid ensures homogeneous temperature in the pre-
conditioning tank. 
 
m..	4i = m	4i ∙ Q..	4iQ	4i  [kg] (113) 
 
Energy required for pre-conditioning fluid heating and pumping 
E+,4iN = m4iN,	.) ∙ Cp4iN ∙ MT4i − TbR [kJ] (114) 
 




E+	,4iN = E+,4iN ∙ M1 − η+(,.Rη+(,.  [kJ] (115) 
 
E(,4iN = m4iN,	.) 	 ∙ 	g	 ∙ 	Δh4iNη(  [kJ] (116) 
 
E(,..	4i = m..	4i 	 ∙ 	g	 ∙ 	Δh.	4iη(  [kJ] (117) 
 
  




2.8 BUNDLING, DRYING,  MODULE ASSEMBLY, GLUEING, CUTTING AND UTILITIES 
During drying, fibre lumens are completely emptied. Pores remain filled with the pre-conditioning 
liquid. During cutting, liquid inside pores of reject hollow fibres goes to waste with the hollow fibres. 
The pre-adhesive and adhesive are made up of 3 and 2 compounds respectively. Utilities accounted 
for are the facility's lighting, heating and air conditioning. 
 
 
Figure 10 Block diagram of the unit operations Bundling, Drying, Module assembly, Glueing, Cutting and Utilities 
 
  




Table 8 Parameters of the unit operations Bundling, Drying, Module assembly, Glueing, Cutting and Utilities 
Operating conditions and/or engineering design facts 
Input parameter Description Unit 
Lbundle Bundle length m 
hpre-adhesive, total 
hadhesive, total 
Total pre-adhesive height (both ends) 
Total adhesive height (both ends) 
m 
m 






Number of membrane housings per module 
Number of grids per module 
Number of end caps per module 
Number of venting plugs per module 








mper end cap 
mper venting plug 
mflang 
Mass per membrane housing 
Mass per grid 
Mass per end cap 
Mass per venting plug 








Mass fraction PA1 in pre-adhesive 
Mass fraction PA2 in pre-adhesive 
- 
- 
wA1,adhesive Mass fraction A1 in adhesive - 
Pbundl Power of bundling machine kW 
Pdry Power of compressors for drying kW 
Padh Power of adhesive blending and injection machine kW 
Pcut Power of jig-saw for cutting kW 
tcut,module Cutting time per module min 
Plight Power of light bulbs kW 
Eelec,heat/air cond 
Electricity consumption for heating and air conditioning per m2 of 
spun HF 
kWh m-2 
Egas,heat/air cond Gas consumption for heating and air conditioning per m2 of spun HF  m3 m-2 
kgas Gas conversion coefficient  kWh m-3 
 
Fluid properties 
Input parameter Description Unit 
ρpre-adhesive Pre-adhesive density at Tref kg m-3 
ρadhesive Adhesive density at Tref kg m-3 
 
Input mass (i.e. pre-adhesive, adhesive) 
Pre-adhesive and adhesive input masses are calculated based on the total fabricated modules 
(including reject modules after hydraulic testing). 





m/)+, = ρ/)+, ∙ S()	 ∙ h/)+,, ∙ GH5		IJKLN/%HPK6	GH5	QK  
 [kg] (118) 
 
m)+, = ρ)+, ∙ S()	./.,)+ ∙ h)+,, ∙ GH5		IJKLN/%HPK6	GH5	QK  
 [kg] (119) 
 
w4l,/)+, = 1 − w4N,/)+, − w4$,/)+, [no unit] (120) 
 
m4N,/)+, = w4N,/)+, ∙ m/)+, [kg] (121) 
 
m4$,/)+, = w4$,/)+, ∙ m/)+, [kg] (122) 
 
m4l,/)+, = M1 − w4N,/)+, − w4$,/)+,R ∙ m/)+, [kg] (123) 
 
 
mN,)+, = wN,)+, ∙ m)+, [kg] (124) 
 
m$,)+, = M1 − wN,)+,R ∙ m)+, [kg] (125) 
 
Input mass of module components 
Since module components of reject modules are recycled, their respective input mass are calculated 
based on the module production capacity (i.e. nmodule per batch). 
 
m+ = n+ ∙ m	+ ∙ n()		1.+ [kg] (126) 
 
m ) = n ) ∙ m	 ) ∙ n()		1.+ [kg] (127) 
 
m)	. = n)	. ∙ m	)	. ∙ n()		1.+ [kg] (128) 
 
m,	 = n, 	 ∙ m	, 	 ∙ n()		1.+ [kg] (129) 
 
mb = nb ∙ m	b ∙ n()		1.+ [kg] (130) 
 
Mass inside pores and fibre lumen after drying 
A material balance is carried out for each chemical under consideration during the drying operation 
(i.e. solvent, additive, bore liquid, non-solvent, rinsing water, pre-conditioning fluid). 
 
m,,	)@ = m,,	.) ∙ m,ρ,,<B; 	 ∙ 	Vy(,.  [kg] (131) 





m)),,	)@ = m)),,	.) ∙ m,ρ,,<B; 	 ∙ 	Vy(,.  [kg] (132) 
 
mfS,	)@ = mfS,	.) ∙ m,ρ,,<B; 	 ∙ 	Vy(,.  [kg] (133) 
 
mB;,	)@ = mB;,	.) ∙ m,ρ,,<B; 	 ∙ 	Vy(,.  [kg] (134) 
 
mi,	)@ = mi,	.) ∙ m,ρ,,<B; 	 ∙ 	Vy(,.  [kg] (135) 
 
m4i,	)@ = m4i,	.) ∙ m,ρ,,<B; 	 ∙ 	Vy(,.  [kg] (136) 
 
 
mfSN,	)@ = wfSN ∙ mfS,	)@ [kg] (137) 
 
mfS$,	)@ = M1 − wfSNR ∙ mfS,	)@ [kg] (138) 
 
 
m4iN,	)@ = w4iN ∙ m4i,	)@ [kg] (139) 
 
m4i$,	)@ = M1 − w4iNR ∙ m4i,	)@ [kg] (140) 
 
Mass inside pores and fibre lumen after cutting 
A material balance is carried out for each chemical under consideration during the cutting operation 
(i.e. solvent, additive, bore liquid, non-solvent, rinsing water, pre-conditioning fluid). 
 
m,,	. = m,,	)@ ∙ L(),L1)  [kg] (141) 
 
m)),,	. = m)),,	)@ ∙ L(),L1)  [kg] (142) 
 
mfS,	. = mfS,	)@ ∙ L(),L1)  [kg] (143) 
 
mB;,	. = mB;,	)@ ∙ L(),L1)  [kg] (144) 
 
mi,	. = mi,	)@ ∙ L(),L1)  [kg] (145) 





m4i,	. = m4i,	)@ ∙ L(),L1)  [kg] (146) 
 
 
mfSN,	. = wfSN ∙ mfS,	)@ [kg] (147) 
 
mfS$,	. = M1 − wfSNR ∙ mfS,	. [kg] (148) 
 
 
m4iN,	. = w4iN ∙ m4i,	. [kg] (149) 
 
m4i$,	. = M1 − w4iNR ∙ m4i,	. [kg] (150) 
 
Energy required for bundling, drying, module assembly, cutting and utilities 
E1) = P1) ∙ t1.+ [kWh] (151) 
 
E)@ = P)@ ∙ t1.+ [kWh] (152) 
 
E)+ = P)+ ∙ t1.+ [kWh] (153) 
 
E. = P. ∙ t.,() ∙ n()		1.+1 −%)b.,	()	. [kWh] (154) 
 
E + = P + ∙ t1.+ [kWh] (155) 
 
The electricity consumption for heating and air conditioning is proportional to the spinning duration 
and thus to the total fabricated length of hollow fibre. 
 
S,. = S() ∙ n()		1.+1 −%)b.,	()	. ∙
L(),L(), ∙
L1)L(), [m2] (156) 
 
E+/	.) = ME.,+/	.) A k  ∙ E ,+/	.)R ∙ S,. [kWh] (157) 
 
  




2.9 HYDRAULIC TESTING  
In a first step, fibre pores are rinsed with water. In a second step, permeability is measured. Darcy’s 
law, applicable to incompressible fluids, is applied to determine water consumed during hydraulic 
testing.  
 
After hydraulic testing, hollow fibres of defective modules go to waste along with the adhesive and 
liquid included inside pores and lumens. Membrane housings and auxiliary equipment (end caps, 
venting plugs, flang) are recycled and used for non-defective modules. 
 
 
Figure 11 Block diagram of the unit operation Hydraulic testing 
 
Table 9 Parameters of the unit operation Hydraulic testing 
Operating conditions and/or engineering design facts 
Input parameter Description Unit 
THTW HTW temperature during hydraulic testing °C 
V<NV  Ratio HTW1 volume : pore volume - 
Lp Average module permeability  L m-2 h-1 bar-1 
tHT2 Total hydraulic test duration h 
TMPHT1 
TMPHT2 
Transmembrane pressure of HT1 










Input parameter Description Unit 
ɳpump Pump efficiency - 
 
Fluid properties 
Input parameter Description Unit 
ρHTW,THTW Density HTW at THTW kg m-3 
 
Input mass (i.e. water for hydraulic testing) 





m<N = m, ∙ V<NV ∙
ρ<,<<ρB;,<B; ∙
L(),L1)  [kg] (158) 
 
Permeability is then measured. Darcy’s law is applied. 
m<$ = ρ<,<< ∙ SN ∙ t<$ ∙ TMP<$ ∙ S() ∙ n()		1.+ ∙ M1 − %)b.,	()	.R  
 [kg] (159) 
Mass inside pores and fibre lumen after hydraulic testing 
A material balance is carried out for water during hydraulic testing. 
 
m<$,	< = ρ<,<< ∙ Vy(,. ∙ L(),L1) ∙ M1 − %)b.,	()	.R 
 [kg] (160) 
 
Energy required for hydraulic water pumping 
E(,<N = m<Nρ<,<< ∙
TMP<Nη(  [J] (161) 
 
E(,<$ = m<$ρ<,<< ∙
TMP<$η(  [J] (162) 
  





The void volume between hollow fibres inside each module is filled with the conditioning liquid. 
Pores and fibre lumens are filled with water from hydraulic testing.  
 
 
Figure 12 Block diagram of the unit operation Conditioning 
 
Table 10 Parameters of the unit operation Conditioning 
Operating conditions and/or engineering design facts 
Input parameter Description Unit 
TCL CL temperature during conditioning °C 
wCL1 Mass fraction CL1 in conditioning liquid - 
 
Fluid properties 
Input parameter Description Unit 
ρCL1,TCL Density CL1 at Tcond kg m-3 
 
Input mass (i.e. conditioning fluid) 







mS = ρS,<S ∙ V(),.) ∙ n()		1.+ [kg] (164) 
 
 
mSN = wSN ∙ mS [kg] (165) 
 











Liquid waste: coagulation and rinsing 
A material balance is carried out for liquid waste during coagulation and rinsing operations together.  
 
m2,. y = #m, Am)), AmfS Am	B; Am	i& − Mm,,	 A
m)),,	 AmfS,	 AmB;,	 Ami,	R  
 [kg] (167) 
 
Liquid waste: pre-conditioning, drying and hydraulic testing 1 
A material balance is carried out for liquid waste during pre-conditioning, drying and the first step of 
hydraulic testing (i.e. rinsing step). 
 
m2,.)y)@
= #m,,	 Am)),,	 AmfS,	 AmB;,	
Ami,	 Am	4i&
− #m,,	)@ Am)),,	)@ AmfS,	)@ AmB;,	)@ Ami,	)@
Am4i,	)@&
A #m,,	. Am)),,	. AmfS,	. AmB;,	. Ami,	.
Am4i,	.& A m<N −m<$,	< 
 [kg] (168) 
 
Liquid waste: hydraulic testing 2 
A material balance is carried out for liquid waste during the second step of hydraulic testing (i.e. 
permeability measurement). 
 
m2,<$ = m<$ [kg] (169) 
 
Solid waste: cutting 
A material balance is carried out for each solid waste under consideration during the cutting 
operation (i.e. pre-adhesive, adhesive, hollow fibres). 
 
m2,/)+,,. = m/)+, [kg] (170) 
 
m2,)+,,. = m)+, ∙ h)+,, − h)+,,()h)+,,  [kg] (171) 
 
m2,,. = m@( ∙ 1 − L(),L1)  [kg] (172) 
 




A material balance is carried out for liquid waste present in cut hollow fibres during the cutting 
operation. 
 
m2,	,. = #m,,	)@ Am)),,	)@ AmfS,	)@ AmB;,	)@ A
mi,	)@ Am4i,	)@& − #m,,	. Am)),,	. AmfS,	. AmB;,	. A
mi,	. Am4i,	.&  
 [kg] (173) 
 
Solid waste: defective modules from hydraulic testing 
Hollow fibres and liquid included in pores and lumens, pre-adhesive and adhesive of defective 
modules are put to waste. On the other hand, the membrane housing, flang, grids, end caps and 
venting plugs of defective modules are recycled for non-defective modules. 
m2,,< = m@( ∙ L(),L1) ∙ %)b.,	() [kg] (174) 
 
m2,)+,,< = m)+, ∙ h)+,,()h)+,, ∙ %)b.,	() [kg] (175) 
 
m2,	y(,< = ρ<,<< ∙ Vy(,. ∙ SGH5,SIH5 ∙ %)b.,	()	.  




APPENDIX II−2 HOLLOW FIBRE AND MODULE FABRICATION − VALUES  
In this appendix, values of parameters found in Appendix II-1 are given. 
1 DIMENSIONS AND PRODUCTION 
 
Table 1 Values for Module dimensions and production 
 Operating conditions and/or engineering design facts 
Input parameter Description Unit Literature reference  Model 
φHF,inner 
φHF,outer 
Inner HF diameter 











  Ratio spinneret and HF inner diameters - 
1.5-4.4 (Espenan, 1984) 





  Ratio spinneret and HF outer diameters - 
0.7-2.3 (Espenan, 1984) 
1.2-1.4 (Chou et al., 2007) 
 1.2 
Lmodule,outer Module outer length m -  1.3 
hadhesive,module Adhesive height in module (both ends) m -  0.1 
φmodule, inner Module inner diameter  m -  0.3 
Smodule Filtration surface per module m2 -  55 
nmodule per week Number of modules fabricated per week - -  28 







2 POLYMER SOLUTION MIXING 
Table 2 Values for the unit operation Polymer solution mixing 
Operating conditions and/or engineering design facts 
Input parameter Description Unit Literature reference  Suggested range Model 
Tmix Solvent and PS temperature during mixing °C 
mix 70°C and spinning 50°Ca,  
70 (Idris et al., 2002),  
25 (Chou et al., 2007),  
70 (Waheed et al., 2018) 
 25-70 60 
TNS NS temperature during coagulation °C 
35a, 25 (Nguyen et al., 2013),  
25-75 (Chou et al., 2007),  
25 (Waheed et al., 2018) 
 25-50 35 
wpolymer,PS Mass fraction polymer in PS - 
0.20a,  
0.19 (Nguyen et al., 2013),  
0.25 (Chou et al., 2007), 
0.20 (Waheed et al., 2018) 
 0.15-0.25 0.20 
wadditive,PS Mass fraction additive in PS - 0-0.05 (Bottino et al., 1988)  0-0.05 0.02b 
%defective module reject Defective module reject rate after hydraulic testing - -  0-0.02 0.01 
Lbundle Bundle length during bundling m 1.6c  1.3-2.0 1.6 
,

  Dissipated power density during solvent stirring  kW m-3 0.5d (Kresta et al., 2015)  0-1.0 0.5 
,

  Dissipated power density during PS stirring  kW m-3 2-15e (Kresta et al., 2015)  2-15 15 
tstir,solvent Stirring time for solvent h 2a  0-2 2 
tstir,PS Stirring time for PS h 22a, 24 (Chou et al., 2007)  20-24 22 






 Technical constraints 
Input parameter Description Unit Literature reference  Suggested range Model 
EERair cooler Air cooler energy efficiency ratio - 2.5 (Pauchet, 2008)  1-5 2.5 
ɳcompressor Compressor efficiency - -  0.7-0.9f 0.7f 
ɳstir Stirrer efficiency  - 0.7 (Méry, 2012)  0.7-0.9 0.7 
a (J. C. Rouch, personal communication, 2016-2017). 
b Typical values for inorganic salts (e.g. LiCl). Values for polymeric additives (e.g. PEG) typically range from 0.10 to 0.15. 
c (N. Abidine, personal communication, 2016). 
d Typical value for heat transfer and solid suspension for various industrial applications (Kresta et al., 2015).  
e
 Typical value in laminar regime for various industrial applications (Kresta et al., 2015): suspension polymerization 2 kW m-3, gentle paste blending 5 kW m-3, 
bulk polymerization 10-15 kW m-3. 




3 BORE LIQUID MIXING 
 
Table 3 Values for the unit operation Bore liquid mixing 
Operating conditions and/or engineering design facts 
Input parameter Description Unit Literature reference  Suggested range Model 
nspinneret Number of spinnerets - -  0-10 8 
vspinning Spinning speed m min-1 
4-20 (Ivaldi, 1982),  
35 (Chou et al., 2007) 
 20-40 20.0 
TBL Spinning temperature BL °C 45a  25-70 60 
wBL1 Mass fraction BL1 in BL - 0 (Chou et al., 2007)   0-0.05 0.05 
,

  Dissipated power density during BL stirring kW m-3 0.5b (Kresta et al., 2015)  0.5 0.5 
tstir,BL Stirring time for BL h -  0-2 2 
 
Technical constraints 
Input parameter Description Unit Literature reference  Suggested range Model 
ɳstir Stirrer efficiency - 0.7 (Méry, 2012)  0.7-0.9 0.7 
a (J. C. Rouch, personal communication, 2016-2017). 





4 DEGASSING AND EXTRUSION 
Table 4 Values for the unit operations Degassing and extrusion 
Operating conditions and/or engineering design facts 
Input parameter Description Unit Literature reference  Suggested range Model 
Tair Air temperature °C 
20 (Bottino et al., 1988),  
25 (Nguyen et al., 2013) 
 20-25 20 
tdegas,PS PS degassing duration h 19a  19 19 
tdegas,BL BL degassing duration h -  0 0 
nfilt,PS Number of PS filtrations - 2 (Cabasso et al., 1976)  0-2 2 
 
Technical constraints 
Input parameter Description Unit Literature reference  Suggested range Model 
xdegas PS Thickness of PS degassing vessel m -  0-0.01 0.005 
xdegas BL Thickness of BL degassing vessel m -  0-0.01 0.005 
λdegas PS PS vessel jacket thermal conductivity W m-1 K-1 14-16 (Hayes et al., 2016)  14-16 15 
λdegas BL BL vessel jacket thermal conductivity W m-1 K-1 14-16 (Hayes et al., 2016)  14-16 15 
hair Convective heat transfer coefficient for air W m-2 K-1 2-25 (Incropera et al., 2007)  2-25 15 
ɳthermal,discontinuous 
Thermal transfer efficiency for 
discontinuous unit operations 
- -  0-1.0 0.15 
ΔhBL Total manometric head of BL pump m -  0-5 1c 
ΔPPS PS pump differential pressure Pa 
0.5-5 105 (Espenan, 1984),  
1 105 (Chou et al., 2007) 
 1-5 105 3 105 
ɳpump Pump efficiency - 0.7-0.9 (Méry, 2012)  0.7-0.9 0.7 
a (J. C. Rouch, personal communication, 2016-2017). 
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5 COAGULATION  
Table 5 Values for the unit operation Coagulation 
Operating conditions and/or engineering design facts 
Input parameter Description Unit Literature reference  Suggested range Model 
TNS NS temperature during coagulation °C 
35a, 25 (Nguyen et al., 2013), 
25-75 (Chou et al., 2007),  
25 (Waheed et al., 2018) 
 25-50 35 
wsolvent,coag Mass fraction solvent in coagulation tank - max 0.05 reality 0.03a  0-0.05 0.03 
	
	
  Ratio NS recirculation flow : NS input flow - -  0-15 1.5 
	
,	
  Ratio NS input flow : NS coagulation output flow  - -  0-100 40 
 
 Technical constraints 
Input parameter Description Unit Literature reference  Suggested range Model 
Δhrecirc NS  Total manometric head of NS recirculation pump m -  0-5 1 
ɳpump Pump efficiency - 0.7-0.9 (Méry, 2012)  0.7-0.9 0.7 
ɳthermal,continuous Thermal transfer efficiency for continuous unit operations - -  0-1.0 0.93 





Table 6 Values for the unit operation Rinsing 
Operating conditions and/or engineering design facts 
Input parameter Description Unit Literature reference  Suggested range Model 
wsolvent,rins Mass fraction solvent in rinsing tank - -  0-0.05 0.015 
TRW RW temperature during rinsing °C 
25 (Nguyen et al., 2013), 25-75 
(Chou et al., 2007),  
25 (Waheed et al., 2018),  
50 (Idris et al., 2002) 
 25-50 30 
	
	
  Ratio RW recirculation flow : RW input flow - -  0-15 10 
	
,	
  Ratio RW input flow : RW rinsing output flow - -  0-100 60 
 
 Technical constraints 
Input parameter Description Unit Literature reference  Suggested range Model 
Δhrecirc RW Total manometric head of RW recirculation pump m -  0-20 10 







Table 7 Values for the unit operation Pre-conditioning 
Operating conditions and/or engineering design facts 
Input parameter Description Unit Literature reference  Suggested range Model 
wsolvent,precond Mass fraction solvent in pre-conditioning tank - -  0-0.05 0.01 
wPRC1 Mass fraction PRC1 in PRC - 0.5 (Chou et al., 2007)  0-1.0 0.5 
TPRC PRC temperature during pre-conditioning °C 
35a,  
25 (Chou et al., 2007) 
 25-50 30 
	
	
  Ratio PRC recirculation flow : PRC1 input flow - -  0-500 350 
	
,	
  Ratio PRC input flow : PRC preconditioning output flow - -  0-15 5 
 
 Technical constraints 
Input parameter Description Unit Literature reference  Suggested range Model 
ΔhPRC1 Total manometric head of PRC1 pumping m -  0-5 1 
Δhrecirc PRC Total manometric head of PRC recirculation pumping m -  0-20 10 
ɳpump Pump efficiency - 0.7-0.9 (Méry, 2012)  0.7-0.9 0.7 




8 BUNDLING, DRYING, MODULE ASSEMBLY, GLUEING, CUTTING AND UTILITIES 
 
Table 8 Values for the unit operations Bundling, Drying, Module assembly, Glueing, Cutting and Utilities 
Operating conditions and/or engineering design facts 
Input parameter Description Unit Literature reference  Suggested range Model 
Lbundle Bundle length m 1.6a  1.3-2.0 1.6 
hpre-adhesive, total 
hadhesive, total 
Total pre-adhesive height (both ends) 
















Number of membrane housings per module 
Number of grids per module 
Number of end caps per module 
Number of venting plugs per module 
























mper end cap 
mper venting plug 
mflang 
Mass per membrane housing 
Mass per grid 
Mass per end cap 
Mass per venting plug 
























Mass fraction PA1 in pre-adhesive 










wA1,adhesive Mass fraction A1 in adhesive - -  0-1.0 0.65 
Pbundl Power of bundling machine kW 0.14 (Meccanica Nicoletti, 2012)  0.1-0.2 0.14 
Pdry Power of compressors for drying kW 0.75-1.1 (Würth, n.d.)  0.75-1.1 0.9 
Padh Power of adhesive blending and injection machine kW 0.5-1.0 (Bosch, 2019)  0.5-1.0 0.75 
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Pcut Power of jig-saw for cutting kW 4-12 (Gölz, n.d.)  4-12 8 
tcut,module Cutting time per module min -  5-15 10 
Plight Power of light bulbs kW -  5-15 10 
Eelec,heat/air cond 
Electricity consumption for heating and air 
conditioning per m2 of spun HF 
kWh m-2 -  0.30-0.50 0.40 
Egas,heat/air cond 
Gas consumption for heating and air conditioning per 
m2 of spun HF  
m3 m-2 -  0.04-0.08 0.06 
kgas Gas conversion coefficient  kWh m-3 -  9.0-12.0 11.34 
a (N. Abidine, personal communication, 2016). 





9 HYDRAULIC TESTING  
 
Table 9 Values for the unit operation Hydraulic testing 
 Operating conditions and/or engineering design facts 
Input parameter Description Unit Literature reference  Suggested range Model 




  Ratio HTW1 volume : pore volume - -  0-200 120 
Lp Average module permeability  L m-2 h-1 bar-1 230 (Bessiere, 2005)  230-300 230 
tHT2 Total hydraulic test duration h -  0-1.0 0.17 
TMPHT1 Transmembrane pressure of HT1 (rinsing) bar -  0-2.0 1.0 
TMPHT2 Transmembrane pressure of HT2 (hydraulic test) bar -  0-2.0 0.66 
 
 Technical constraints 
Input parameter Description Unit Literature reference  Suggested range Model 









Table 10 Values for the unit operation Conditioning 
 Operating conditions and/or engineering design facts 
Input parameter Description Unit Literature reference  Suggested range Model 
TCL CL temperature during conditioning °C -  10-20 20 
wCL1 Mass fraction CL1 in conditioning liquid - 10 g L-1 a  0-0.10 0.10 
a (J. C. Rouch, personal communication, 2016-2017). 




APPENDIX II−3 HOLLOW FIBRE AND MODULE FABRICATION − THERMAL TRANSFER 
EFFICIENCIES  
 
Thermal transfer efficiencies for both the discontinuous and continuous unit operations of 
membrane fabrication, and found in Appendix II-1, are determined in two steps. Energy balances are 
first performed for athermal operations, and then by considering heat losses. Industrial raw data is 
not given for confidentiality reasons. 
1 DISCONTINUOUS PROCESS: FROM POLYMER SOLUTION MIXING TO SPINNING 
1.1 ENERGY BALANCES 
1.1.1 Athermal energy balance 
 
 
Figure 1 Energy balance (athermal) for the discontinuous process of hollow fibre fabrication 






 ∙ T − T = 0  (1) 
 
E, + E	, 	+ E !, = 0  (2) 
 
E,"# + E !,"# + E,"# +m"# ∙ Cp"# ∙ T − T"# = 0  (3) 
 
where Tref (°C) is the reference temperature of the solvent and BL (e.g. storage room), 
Tmix (°C) is the solvent temperature during solvent heating and PS mixing, 
TBL (°C) is the BL temperature during BL degassing and spinning, 
E (kWh) is the energy consumption of operation units without heat loss.  




1.1.2 Energy balances with heat loss 
 
Figure 2 Energy balance (with heat loss) for the discontinuous process of hollow fibre fabrication 






 ∙ T − T + q,	
 = 0  (4) 
 
E, + E′	, + E′	&, + E′	 !, + E′		', + q, + q, + q !, +
q(, = 0  
 (5) 
 
E,"# + E′,"# +m"# ∙ Cp"# ∙ T − T"# + q,"# + q,"# + q !,"# + q(,"# = 0  (6) 
 
where E' (kWh) is the energy consumption of operation units in a heat loss configuration, 
q (kWh) is the heat loss. 
 
Thermal efficiency is defined as the ratio of output energy to input energy for the entire system 





  (7) 
 
Output energy is defined as energy needed to heat fluids and maintain PS and BL at the desired 




 ∙ T − T + m"# ∙ Cp"# ∙ T"# − T + E !, + E !,"#  (8) 
 




 + E, + E′	, + E′	&, + E′ !, + E′	', +
E,"# + E′ !, + E′,"#  
 (185) 




1.2 THERMAL TRANSFER EFFICIENCY 
Industrial data is missing as regards solvent heating and stirring. The thermal efficiency's definition is 
therefore limited to an energy balance of the PS and BL, excluding the solvent. As regards Equation 
(7): 
 
E1(1 = m"# ∙ Cp"# ∙ T"# − T + E !, +	E !,"# = 0  (9) 
 
E(1 = E, +	E′	, + E′	&, + E′ !, + E′	', + E,"# + E′ !, + E′,"#  
 (10) 
The numerical application of raw data gives the thermal efficiency ηthermal,discontinuous equal to 0.15 (i.e. 
15 %). 
  




2 CONTINUOUS PROCESS: FROM COAGULATION TO PRE-CONDITIONING 
2.1 ENERGY BALANCES 
2.1.1 Athermal energy balance 
 
 
Figure 3 Energy balance (athermal) for the continuous process of hollow fibre fabrication 
 
Energy balances for input NS, input RW and PRC1 respectively: 
 
E,(1	2 + Q(1	2 ∙ t5, ∙ Cp(1	2 ∙ T − T2 = 0  (11) 
 
E,(1	67 + Q(1	67 ∙ t5, ∙ Cp(1	67 ∙ T − T67 = 0  (12) 
 
E,68& + Q68& ∙ t5, ∙ Cp68& ∙ T − T68 = 0  (13) 
2.1.2 Energy balances with heat loss 
 
Figure 4 Energy balance (with heat loss) for the continuous process of hollow fibre fabrication 
Energy balances for input NS, input RW and PRC1 respectively: 
 
E′,(1	2 + E′,	2 + Q(1	2 ∙ t5 ∙ Cp(1	2 ∙ T − T2 + q!,2 = 0  (14) 
 
E′,(1	67 + E′,	67 + Q(1	67 ∙ t5 ∙ Cp(1	67 ∙ T − T67 + q,67 = 0  (15) 
 
E′,68& + E′,	68 + Q68& ∙ t5 ∙ Cp68& ∙ T − T68 + q( ,68 = 0  (16) 
 
Following Equation (7), the thermal efficiency for coagulation, rinsing and pre-conditioning 










  (18) 
 







  (19) 
 
E' (kWh) can be calculated with industrial temperature measurements using Q ∙ t ∙ Cp ∙ T	 − T	. 
2.2 THERMAL TRANSFER EFFICIENCY 
Due to limited industrial data, only the thermal efficiency of coagulation can be calculated. 
Expressions of two terms present in Equation (17) are detailed in Equations (20) and (21). 
 
E′,(1	2 = Q(1	2 ∙ t5, ∙ Cp(1	2 ∙ LT(1	2,	 − T(1	2,	M  (20) 
 
E′,	2 = Q	2 ∙ t5, ∙ Cp	2 ∙ LT	2,	 − T	2,	M  (21) 
 
The numerical application of raw data gives the thermal efficiency of coagulation ηthermal,coag equal to 
0.93 (i.e. 93 %). 
 
To overcome the lack of industrial data, thermal efficiencies of rinsing and pre-conditioning are taken 
equal to that of coagulation. The numerical application of raw data gives the thermal efficiency 
ηthermal,continuous equal to 0.93 (i.e. 93 %). 




APPENDIX II─4 MEMBRANE OPERATION − MODEL INPUT PARAMETERS 
Model input parameters are listed in each of the following two sections. The nomenclature used for 
programming names is inspired from Méry (2012) in view of the model’s integration in EVALEAU. 
 
1 USER-DEFINED PARAMETERS 
Table 1 User-defined parameters 
Category Programming name Unit 
Output flow rate 
 
Specification_Output_Flow_Rate m3 day-1 
  
Input water quality Input_Water_Turbidity NTU 
 Input_Water_TOC g L-1 





Permeability_After_Initial_Decline L h-1 m-2 bar-1 at 20°C 
   
Filtration operating 
conditions 









   
Specification_Filtration_Flux L h-1 m-2 at 20°C 
   
BW operating 
conditions 
BW_Flux L h-1 m-2 at 20°C 
Volume_Per_BW_Per_Unit_Surface L m-2 per BW  
BW_Chemical_Concentration ppm 
BW_Chemical_Injection_Time_Fraction - 




























CIP_Phase5_Flux L h-1 m-2 at 20°C 
CIP_Volume_Per_Phase5_Per_Unit_Surface L m-2 for CIP Phase5 




















a abbreviation for Specification_Relative_Permeability_Decline_A_During_Filtration_Cycle.  
b abbreviation for Specification_Relative_Permeability_Decline_During_An_Operating_Cycle. 
 




2 MODEL-DEFINED PARAMETERS 
 
Table 2 Model-defined parameters: membrane characteristic, threshold operating conditions and end-of-life 
conditions 




   
Threshold operating 
conditions 
Max_Filtration_Flux L h-1 m-2 at 20°C  
Max_Filtration_Cycle_Duration min 
Max_Operating_Cycle_Duration day 
   
End-of-life 
conditions 
End_Of_Life_Operating_Life  year 
End_Of_Life_Permeability L h-1 m-2 bar-1 at 20°C 
End_Of_Life_Number_Of_BW_Cycles - 
BW_Chemical_End_Of_Life_c_x_t ppm day 
CIP_Chemical1_End_Of_Life_c_x_t ppm day 
CIP_Chemical2_End_Of_Life_c_x_t ppm day 
CIP_Chemical3_End_Of_Life_c_x_t ppm day 
 
Table 3 Model-defined parameters: regression functions 








   
Parameters for BW 
efficiency regression 
function 




   
Parameters for CIP 
efficiency regression 
function 










APPENDIX II–5 MEMBRANE OPERATION − CATEGORIES OF INPUT WATER QUALITY  
Input water is categorized based on its turbidity and TOC. For each input water category, three 
thresholds are defined: 
- maximum filtration flux; 
- maximum duration between two BWs (equivalent to filtration cycle duration); 
- maximum duration between two CIPs (equivalent to operating cycle duration).  
Values for CTA modules are based on Coehlo et al. (2019)’s communication. 
 
 




APPENDIX II–6 MEMBRANE OPERATION − MEMBRANE END-OF-LIFE CONDITIONS  
 
The module operating life ends when at least one of four end-of-life conditions is met: maximum 
operating life, minimum productivity, maximum chemical resistance and maximum mechanical 
resistance. Values for CTA modules are given in Table 1. 
 
Table 1 End-of-life conditions 
Model-defined parameter Unit Reference 
End-of-life operating life year >10 (Laîné et al., 2000) 
End-of-life permeability L h-1 m-2 bar
-1
 - 
End-of-life number of BW cycles - 100,000-200,000 (Mallevialle et al., 1996) 
End-of-life “c x t” for chlorine g L-1 h 
5-20 (Arkhangelsky et al., 2008),  
5 (Gitis et al., 2006),  
>100 (Mallevialle et al., 1996) 
 
 




APPENDIX II–7 MEMBRANE OPERATION − NEGLECTED BW AND CIP CHEMICAL INJECTION 
 
The pumping of a chlorine-releasing compound in permeate water during BW is neglected because 
considered to be negligible. During in-line blending between the chemical and water, the ratio 
between energy consumption for chemical pumping and water pumping (EBW chemical pumping and EBW 




























where ηBW water pump and ηBW water pump are the pumps efficiencies, PBW chemical and PBW water are the outlet 
pressures of the respective pumps, and VBW chemical and VBW water the pumped volumes.  
 
The pumps' efficiencies can be assumed to be comparable to one another. Linear and minor head 
losses being negligible between the pumps' outlets and the point of chemical injection, both outlet 
pressures can be considered comparable to the pressure at the injection point. 
 
The energy consumption ratio can be approximated by the volume ratio. For a commonly used 
concentration in drinking water plants (i.e. 5 mg L-1), energy consumption for NaOCl pumping does 
not exceed 0.003% of energy consumption for BW water pumping (see Table 1). 
 
Table 1 Ratio between BW volumes of chlorine-releasing solution and water 
BW chlorine-releasing chemical 
Chemical concentration V BW chemical / V BW water 
mg L-1 no unit 
NaOCl, 14 wt.% free chlorine solution 5 2.9 10-5 
 
The same logic applies to CIP chemical injection in the CIP tank before CIP Phases 1 to 3. Even for 
highly concentrated CIP chemical solutions (pH 1, pH 13 and 10 g L-1 of citric acid), energy 
consumption for chemical injection in the CIP tank does not exceed 0.9% of energy consumption for 
filling the CIP tank with water (see Table 2). 
 
Table 2 Ratio between CIP volumes of chemicals and water 
CIP chemical 
Chemical concentration V  CIP chemical / V CIP water 
g L-1 no unit 
citric acid 10.0 6.0 10-3 
HCl pH 1 3.6 8.3 10-3 
NaOH pH 13 4.0 1.9 10-3 
 




APPENDIX II−8 MEMBRANE OPERATION − VALUES FOR REGRESSION FUNCTIONS 
 
The aim of this appendix is to determine value ranges for the parameters (i.e. a1─a4, b1─b4 and c1─c4) 
in the three regression functions: 
 
- Fouling rate during filtration 





- Efficiency of a BW cycle 
% = b. Δ LpLp





- Efficiency of a CIP cycle 
%"#$ = c. Δ LpLp&$
'
. [CIP]'. t"#$' 
 
Industrial data for CTA hollow fibres operated in a dead-end configuration with surface or ground-
water is needed. In the absence of such data, literature data is used and broadened to other case 
studies, including those concerning other membrane materials (for BW efficiency only).  
 
Determining parameter value ranges is carried out in the following order:  
- Fouling rate exponents: a2, a3 and a4; 
- BW efficiency exponents: b2, b3 and b4; 
- CIP efficiency exponents: c2, c3 and c4; 
- Coefficients: a1, b1 and c1; 
 
  




1. FOULING RATE EXPONENTS: A2, A3 AND A4 
 
1.1 A2 LINKED TO TURBIDITY 
The determination of a2 is based on data generated from a pilot plant using CA inside-out hollow 
fibres in a dead-end mode (Delgrange, 2000). Turbidity of the input river water varied from 5 to 25 
NTU whereas TOC remained stable (3-4 mg L-1). During the different filtration trials, several filtration 
fluxes (40-70 L h-1 m-2) and cycle durations (25-45 min) have been tested. For each set of filtration 
conditions, the average fouling rate during filtration cycles has been inferred from TMP variations 
over time. The fouling rate ranges from 3.2 to 6.3 m-1. As shown in Figure 1, data of fouling rate as a 
function of turbidity is fit to a power law and leads to a suggested value for a2 equal to 0.31. 
 
 
Figure 1 Determination of a2 − Fouling rate during filtration cycles as a function of turbidity adapted from Delgrange 
(2000) 
 
Table 1 Determination of a2 –Summary of values adapted from Delgrange (2000) 
Reference 
Turbidity (NTU) vF (m-1) a2 
min max min max value 
Delgrange (2000) 5 25 3.2 6.3 0.31 
 
1.2 A3 LINKED TO TOC 
Among four studied membranes, Lee et al. (2004) used UF membranes (100 kDa) made up of 
regenerated cellulose to filter four different surface waters. Each raw water sample was pre-filtered 
with a 0.45 µm filter, which allows to assume constant turbidity. TOC of water samples ranged from 
2.7 to 8.4 mg L-1. The laboratory set-up consisted of an Amicon dead-end cell filtration unit. Filtration 
trials lasted 60 min and pressure was varied from one trial to another from 0.43 to 1 bar. Fouling 
rates are calculated from flux decline curves over time and range from 1.3 to 4.8 m-1. Fouling rate as 
a function of TOC is fit to a power law and leads to a value for a3 equal to -0.31 (see Figure 2). The 
negative sign suggests that fouling rate under these specific conditions decreases for greater TOC 
values. 
 






Figure 2 Determination of a3 − Fouling rate during filtration cycles as a function of TOC adapted from Lee et al. (2004) 
 
Table 2 Determination of a3 – Summary of values adapted from Lee et al. (2004) 
Reference 
TOC (mg L-1) vF (m-1) a3 
min max min max value 
Lee et al. (2004) 2.7 8.4 1.3 4.8 -0.31 
 
1.3 A4 LINKED TO CONTACT ANGLE 
Lee et al. (2004) is also used to investigate fouling rate as a function of contact angle. Besides the UF 
regenerated cellulose membrane, a PES UF membrane was also tested under the same conditions 
(four pre-filtered surface waters, 0.43-1 bar during 60 min). The measured contact angle equalled 18° 
for the former and 58° for the latter. Fouling rates as a function of contact angles are illustrated in 
Figure 3 and the coefficient a4 determined with a power-law curve-fitting (i.e. 0.54). 
 
 
Figure 3 Determination of a4 − Fouling rate during filtration cycles as a function of contact angle adapted from Lee et 
al. (2004) 
  





Table 3 Determination of a4 – Summary of values adapted from Lee et al. (2004) 
Reference 
Contact angle (°) vF (m-1) a4 
min max min max value 
Lee et al. (2004) 18 58 1.3 4.8 -0.54 
 
2. BACKWASH EFFICIENCY EXPONENTS: B2, B3 AND B4 
 
2.1 B2 LINKED TO PERMEABILITY DECLINE DURING A FILTRATION CYCLE 
Backwashing in the model is considered as a mechanical action only for which its efficiency is 
independent of membrane material. Data related to membrane materials other than CA is thus 
adapted. PVdF membranes are considered for the determination of b1. In Ye et al.’s (2011) study, one 
hollow fibre (0.04 µm) is subjected to synthetic water (50 mg L-1 bentonite and 50 mg L-1 alginate) 
during 60 min at a filtration flux of 50 L h-1 m-2. Backwashes are carried out at 50 L h-1 m-2 during 30 s 
with permeate water. BW efficiencies are low, ranging from 0.44 to 0.54. The calculated BW 
efficiencies are plotted as a function of relative permeability decline during filtration cycles in Figure 
4. The curve fitting leads to a suggested value of b2 equal to -1.0: the greater the permeability decline 
during the preceding filtration cycle, the lower the BW efficiency. 
  
 
Figure 4 Determination of b1 – BW efficiency as a function of relative permeability decline during a filtration cycle 
adapted from Ye et al. (2011) 
 
Table 4 Determination of b1 – Summary of values adapted from Ye et al. (2011) 
Reference 
│ΔLp/Lp0│  (no unit) %BW (no unit) b2 
min max min max value 
Ye et al. (2011) 0.77 0.95 0.44 0.54 -1.0 
 
  




3. CLEAN-IN-PLACE EFFICIENCY EXPONENTS: C2, C3 AND C4 
 
3.1 C2 LINKED TO PERMEABILITY DECLINE DURING AN OPERATING CYCLE 
Industrial data from a drinking water plant is used to determine c2. The UF unit consists of 70 m2 
membrane modules containing CTA inside-out hollow fibres (0.01 µm). Prior to UF, raw water is 
subject to pre-treatment by oxidation and mineralization, coagulation and settling, powder activated 
carbon and sand filtration. CIPs consist in soaking with citric acid solutions (1-4%) at pH 4. CIP 
efficiency ranges from 0.3 to 1.8. In certain cases, the permeability achieved after cleaning-in-place is 
indeed greater than at the beginning of the ongoing operating cycle.  As shown in Figure 5, CIP 
efficiency as a function of relative permeability decline during operating cycles is fit to a power law 
and leads to a suggested value for c2 equal to -0.87: the greater the permeability decline during the 
operating cycle, the lower the CIP efficiency. 
 
 
Figure 5 Determination of c2 – CIP efficiency as a function of relative permeability decline during the operating cycle 
 
Table 5 Determination of c2 – Summary of values 
Reference 
│ΔLp/Lp0│  (no unit) %CIP (no unit) c2 
min max min max value 
Personal communication 0.07 0.22 0.3 1.8 -0.87 
 
3.2 C4 LINKED TO CIP SOAK DURATION 
Data from the same drinking water plant as for c2 is used to study CIP efficiency as a function of CIP 
chemical contact time (see Figure 6). Contact time between the CTA membranes and citric acid 
solutions varies between 4 and 15 h. A curve fitting with a power law gives the coefficient c4 equal to 
-0.75: CIP efficiency decreases with contact time.  
 





Figure 6 Determination of c4 – CIP efficiency as a function of CIP chemical contact time  
 
Table 6 Determination of c4 – Summary of values 
Reference 
tCIP (h) %CIP (no unit) C4 
min max min max value 
Personal communication 4 15 0.3 1.8 -0.75 
 
 
4. COEFFICIENTS A1, B1 AND C1 
Minimum and maximum values of a1, b1 and c1 are determined from value ranges of vF, %BW, %CIP, 
their respective parameters (e.g. turbidity, TOC...) and exponents (i.e. a2-a4, b2-b4, c2-c4) given in the 
previous sections. The coefficient b1 has not been determined since there is no data on b3 and b4. The 
same holds for c1 because data is missing on c3. 
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APPENDIX III−1 CALCULATION OF CA INVENTORY 
 
1 ABBREVIATIONS  
The abbreviation CDA refers to cellulose diacetate with a degree of substitution equal to 2.4, 
considered as such in Manda et al.’s (2014) study. The abbreviation CTA refers to cellulose triacetate 
with a degree of substitution equal to 3.0 formed during the acetylation reaction between cellulose 
and acetic anhydride. A lower degree of substitution (i.e. x) can then be obtained during hydrolysis.  
 
Note should be taken that the degree of substitution equals 2.8 for cellulose triacetate considered in 
Chapters III and V, and 2.4 for cellulose diacetate considered in Chapter V. 
 
Compound  
AA Acetic acid  
AAnh Acetic anhydride  
CA Cellulose acetate with the desired degree of substitution  
CDA Cellulose diacetate with degree of substitution equal to 2.4  
CTA Cellulose triacetate with degree of substitution equal to 3.0  
H2O Water  
H2SO4 Sulphuric acid  
NaCH3COO Sodium acetate   
Na2SO4 Sodium sulphate  
Chemical structure of cellulose acetate  
C6H7O2 Glucose module of cellulose unit without functional group  
O-C2H3O Acetyl group  
OH Hydroxyl group  
Unit operation  
acetyl Acetylation  
w/o hydro Several unit operations considerd together without CTA hydrolysis   
hydro Hydrolysis  
neutr Neutralization  
quench Acetylation quenching  
Calculated parameter Unit 
E Energy kWh 
m Mass kg 
M Molar mass g mol-1 
w Mass fraction - 




2 LIST OF VALUES FROM MANDA ET AL. (2014) 
Values from the Supplementary Information of Manda et al. (2014) that are used in this appendix are listed in Table 1.  
 
Table 1 Values from Manda et al. (2014) 
 Description  Input parameter Unit Value 
 CDA degree of substitution  xManda - 2.4 
 Final CDA mass  mCDA,Manda kg 1.0 
Unit operation Material or energy  Input parameter Unit Value 






  kg kg
-1 CDA 0.6 






  kg kg
-1 CDA 0.09 






  kg kg
-1 CDA 4.2 






  kg kg
-1 CDA 1.8 






  kg kg
-1 CDA 0.04 






  kg kg
-1 CDA 0.07 







  kg kg
-1 CDA 0.02 






  kg kg
-1 CDA 0.97 






  kg kg
-1 CDA 20.4 






  kg kg
-1 CDA 3.5 






  kWh kg
-1 CDA 0.65 







  kg kg
-1 CDA 7.5 




3 MATERIAL AND ENERGY BALANCES 
Material and energy balances are detailed for the fabrication of cellulose acetate of any desired 
degree of substitution (i.e. 0 < x ≤ 3). Material and energy consumptions are calculated in a similar 
manner as the chronological order of unit operations as illustrated in Figure 1. 
 
Table 2 Parameters of cellulose acetate fabrication 
Operating conditions and/or engineering design facts 
Input parameter Description Unit CTA CDA 
x Desired cellulose acetate degree of substitution - 2.8 2.4 
wAAnh 
Acetic anhydride excess mass fraction during 
acetylation 
- 0.10a 
a Between 0.05 and 0.15 (Manda et al., 2014). 
 
3.1 CELLULOSE ACETYLATION WITH ACETIC ANHYDRIDE  
During acetylation cellulose reacts with acetic anhydride to form cellulose triacetate (degree of 
substitution equal to 3.0) and acetic acid. 
 
cellulose + 3	acetic	anhydride	 → cellulose	triacetate + 3	acetic	acid 
 

















∙ m<=>,?@AB@  [kg] (2) 
 
Equations (3) and (4) consider acetic acid and sulphuric acid input during both cellulose pre-



















∙ m<=>,?@AB@  [kg] (4) 
 
Produced mass (i.e. acetic acid) 
m>>,@45LE6 = m>>AC ∙ M1 − w>>ACQ ∙
?
?
  [kg] (5) 
 
  





Figure 1 Block diagram of cellulose acetate fabrication




3.2 ACETYLATION QUENCHING 
Acetylation is quenched by adding water to react with acetic anhydride. Acetic acid is formed. 
 
acetic	anhydride + water	 → 2	acetic	acid 
 
Input mass (i.e. water) 
Equation (6) considers water input during acetylation quenching only and is necessary for further 
waste calculations. 
 
mGHJ,S75A4C = m>>AC ∙ w>>AC ∙
?
?
  [kg] (6) 
 









∙ m<=>,?@AB@  [kg] (7) 
 
Produced mass (i.e. acetic acid) 




  [kg] (8) 
 
3.3 CTA HYDROLYSIS (SULPHURIC ACID AS CATALYST) 
A calculated amount of water is added to CTA (degree of substitution equal to 3.0) to obtain the 
desired cellulose acetate degree of substitution (0 < x ≤ 3). Acetic acid is also formed during 
hydrolysis. 
 
cellulose	triacetate + x	water	 → cellulose	acetate + x	acetic	acid 
 
Acetic acid is the solvent and sulphuric acid the catalyst of the hydrolysis reaction. Input masses of 
acetic acid, sulphuric acid and water are calculated depending on the desired cellulose acetate 
degree of substitution (i.e. x). 
 

















































Produced mass (i.e. acetic acid) 
m>>,CEBF8,YF8B745B = mGHJ,CEBF8 ∙
?
?
  [kg] (12) 
 
3.4 SULPHURIC ACID NEUTRALIZATION 
Sulphuric acid is completely neutralized with sodium acetate. Sodium sulphate and acetic acid are 
formed. 
 
sulphuric	acid + 2	sodium	acetate	 → sodium	sulphate + 2	acetic	acid 
 
Input mass (i.e. sodium acetate) 




  [kg] (13) 
 










  [kg] (14) 
 




  [kg] (15) 
 
3.5 RECOVERED ACETIC ACID AND WASTE 
The recovery rate of acetic acid by extraction and distillation (wAA recovery) is taken equal to that in 
Manda et al.'s (2014) study. 
 























  [no unit] (16) 
 
m>>,F548\5F5B = Mm>>,D/8	CEBF8,?@AB@ 	+ m>>,CEBF8,XAY7LQ ∙ w>>	F548\5FE  [kg] (17) 
 
Waste mass (i.e. acetic acid, water, sodium sulphate) 
Liquid waste is composed of acetic acid and water whereas solid waste is composed of sodium 
sulphate. 
 
m>>,D@9L5 = m>>,D/8	CEBF8 + m>>,CEBF8,XAY7L + m>>,@45LE6 + m>>,S75A4C + m>>,CEBF,YF8B745B +
m>>,GHIJK	A57LF − m>>,F548\5F5B  
 [kg] (18) 
 
mGHJ,D@9L5 = mGHJ,D/8	CEBF8 − mGHJ,S75A4C  [kg] (19) 
 
m[@HIJK,D@9L5 = m[@HIJK  [kg] (20) 
 





Total electricity and steam consumptions are the same as those in Manda et al.'s (2014) study. 
 


















∙ m<=>,?@AB@  [kg] (22) 
 
3.7 SPECIFIC CONSUMPTIONS 
For the final cellulose acetate inventory, consumptions and waste given by Equations 1-4, 7, 9-11, 13 
and 17-22 are divided by the produced cellulose acetate mass (mCA). 





  [kg] (23) 
 
where  
M<>	7AXL = M<aGbJH + x ∙ MJV<HGUJ + M3 − xQ ∙ MJG  [g mol
-1] (24) 
 
M?@AB@	7AXL = M<aGbJH + x?@AB@ ∙ MJV<HGUJ + M3 − x?@AB@Q ∙ MJG  [g mol
-1] (25) 
 




APPENDIX V-1 Calculation of methyl lactate inventory 
1 ABBREVIATIONS SPECIFIC TO THE APPENDIX 
 
Compound  
Ca(C3H5O3)2 Calcium lactate  
Ca(OH)2 Calcium hydroxide  
CaSO4 Sulphate calcium  
C3H6O3 Lactic acid  
C4H8O3 Methyl lactate  
CH3OH Methanol  
GAC Granular activated carbon  
H2O Water  
H2SO4 Sulphuric acid  
NaOH Sodium hydroxide  
Unit operation and flow  
acid Acidification  
biomass Biomass filtration  
carbon Carbon adsorption  
cool Cooling  
dist1 Distillation 1  
dist2 Distillation 2  
dist3 Distillation 3  
ester Esterification  
evap Evaporation  
ferm Fermentation  
heat Heating  
in Input  
ion Ion exchange  
out Output  
pump Pumping  
Calculated parameter Unit 
E Energy kJ 
m Mass kg 




2 MATERIAL AND ENERGY BALANCES 
Material and energy balances are detailed for the various unit operations of methyl lactate 
fabrication. Material inputs, outputs and waste of each unit operation are summarized in a diagram 
similar to Figure 1.  
 
 
Figure 1 Schematic block diagram of an unit operation 
 
  





Dextrose (C6H12O6) ferments into lactic acid (C3H6O3), which is neutralized by calcium hydroxide 
(Ca(OH)2). Lactic acid is present in solution as calcium lactate (Ca(C3H5O3)2). The final fermentation pH 
is 6.0 (Miller et al., 2011). 
 
dextrose	 → 2	lactic	acid 
2	lactic	acid  calcium	hydroxide	 → calcium	lactate  2	water 
 
 
Figure 2 Block diagram of the unit operation Fermentation 
 
Table 1 Parameters of the unit operation Fermentation 
Operating conditions and/or engineering design facts 
Input 
parameter 
Description Unit Value Reference 
wdextrose Dextrose mass fraction in the fermentation broth - 0.09
a - 




Carbon : nitrogen molar ratio for nutriment 
supply 
- 37 : 1b Wang et al., 2015 
wN,yeast Nitrogen mass fraction in yeast extract - 0.10 Merck, 2019 
mdextrose Dextrose input mass kg -
c - 
Tferm Fermentation temperature °C 40 Miller et al., 2011 
Tref Reference temperature (e.g. of storage room) °C 10 - 
 
  








Description Unit Value Reference 
wC3H6O3,max 
Maximum lactic acid concentration in the 
fermentation broth 
- 0.12 Inskeep et al., 1952 
 
Fluid properties 
Input parameter Description Unit 
MN Nitrogen atomic weight g mol
-1 
Mdextrose Dextrose molecular weight g mol
-1 




 Leads to a lactic acid mass fraction in the fermentation broth equal to 0.11. 
b
 For corn steep liquor.  
c An arbitrary mass is sufficient because material and energy consumptions are reduced to 1 kg of 
methyl lactate.  
Input mass (i.e. calcium hydroxide)and output mass (i.e. calcium lactate, water) 
Stœchiometric molar proportions are used to calculate the input mass of calcium hydroxide and the 
produced masses of calcium lactate and water (mCa(OH)2, mCa(C3H5O3)2 and mH2O,ferm respectively). 
  
Input mass (i.e. bacteria, yeast, water) 
m = m !"# ∙
%&'()*+,'
%-*.)+/0*
  [kg] (1) 
 










∙ (1 − w !"# − w) − m>(75)6 −m1#  [kg] (3) 
 
Input energy (i.e. heating) 
The specific heat capacity of the fermentation broth is approximated to that of water. 
 
E@,89 = Cp567 ∙
9-*.)+/0*
%-*.)+/0*
∙ (T89 − T8)  [kJ] (4) 
  




2.2 BIOMASS FILTRATION 
The yeast and bacteria are separated from the fermentation broth by filtration. 
 
 
Figure 3 Block diagram of the unit operation Biomass filtration 
 
Table 2 Parameters of the unit operation Biomass filtration 
Operating conditions and/or engineering design facts 
Input 
parameter 
Description Unit Value Reference 
D+*(,+(
DE*+F*')*
  Recirculation flow : permeate flow ratio - 225 Carrere et al., 2002 
Qmembrane Ceramic membrane input mass
a kg m-3 filtered volume 6.2 10-3 Tomczak & Gryta, 2013 
QH2O,clean 
Water input mass for membrane 
cleaningb 
kg m-3 filtered volume 120 Tomczak & Gryta, 2013 
QNaOH,clean 
Sodium hydroxide input mass for 
membrane cleaningb 
kg m-3 filtered volume 0.30 Tomczak & Gryta, 2013 
 
Technical constraints 
Input parameter Description Unit Value Reference 
ΔPbiomass Biomass filtration pump differential pressure
c Pa 1.5 105 Lavoute, 2000 
ηpump Pump efficiency - 0.7 Méry, 2012 
 
Fluid properties 
Input parameter Description Unit 
ρH2O,Tferm Water density at Tferm kg m
-3 
  




a Calculated with a 15 year lifespan and titanium oxide (TiO2) as support material. 
b Rinsing with distilled water (5 min), 1 wt.% sodium hydroxide (5 min) and distilled water (10 min) 
consecutively at 1 bar. 
c Accounts for transmembrane pressure and head loss in membrane module. 
 
Input mass (i.e. membrane, water, sodium hydroxide) 
Input masses of ceramic membrane (mmembrane), water (mH2O,biomass) and sodium hydroxide 
(mNaOH,biomas) are obtained by multiplying Qmembrane, QH2O,clean, QNaOH,clean, respectively, by the final 
fermentation broth volume. The fermentation broth density is approximated to that of water.  
 
Waste 
According to the principle of mass conservation, the total mass of bacteria and yeast remains 
constant. This mass is separated by filtration and put to waste.  
 








  [J] (5) 
 
where mferm is the final fermentation broth mass.  





Sulphuric acid (H2SO4) is added to convert calcium lactate (Ca(C3H5O3)2) into lactic acid (C3H6O3) and 
calcium sulphate (CaSO4). The final pH in the acidification reactor is 2.0 (Miller et al., 2011). 
 
calcium	lactate  sulphuric	acid	 → 2	lactic	acid  calcium	sulphate 
 
 
Figure 4 Block diagram of the unit operation Acidification 
 
Table 3 Parameters of the unit operation Acidification 
Fluid properties 
Input parameter Description Unit 
CpH2SO4 Sulphuric acid specific heat capacity kJ K
-1 kg-1 
 
Input and produced mass (i.e. sulphuric acid, lactic acid, calcium sulphate) 
Stœchiometric molar proportions are used to calculate the input mass of sulphuric acid and 
produced masses of lactic acid and calcium sulphate (mH2SO4,acid, mC3H6O3 and mCaSO4 respectively). 
 
Input energy (i.e. heating) 
Sulphuric acid is heated to the fermentation temperature. 
 
E@, = Cp56S7T ∙ m56S7T, ∙ (T89 − T8)  [kJ] (6) 
  




2.4 GYPSUM FILTRATION 
Gypsum (i.e. calcium sulphate) is filtered from the broth. 
 
 
Figure 5 Block diagram of the unit operation Gypsum filtration 
 
Table 4 Parameters of the unit operation Gypsum filtration 
Technical constraints 
Input parameter Description Unit Value Reference 
ΔPgypsum Gypsum filtration pump differential pressure Pa 5.0 10
5 Leung, 1998 
ηpump Pump efficiency - 0.7 Méry, 2012 
 
Waste 
Calcium sulphate is separated by filtration and put to waste.  
 
Input energy (i.e. pumping) 







  [J] (7) 
 
where macid is the fluid's mass after acidification. 
  




2.5 EVAPORATION AND COOLING 
Water formed during fermentation is evaporated. The final lactic acid evaporation concentration is 
optimized to avoid lactic acid dimerization. 
 
 
Figure 6 Block diagram of the unit operation Evaporation and cooling 
 
Table 5 Parameters of the unit operations Evaporation and cooling 
Operating conditions and/or engineering design facts 
Input parameter Description Unit Value Reference 
wC3H6O3,evap  Final lactic acid mass fraction  - 0.25 Miller et al., 2011 
Tevap Evaporation temperature °C 100 - 
Tester Esterification temperature  °C 60 Van Krieken et al., 2015 
 
Fluid properties 
Input parameter Description Unit 
CpC3H6O3 Lactic acid specific heat capacity kJ K
-1 kg-1 
ΔHvap,H2O Water enthalpy of vaporization kJ mol
-1 
MH2O Water molecular weight g mol
-1 
 
Output mass and waste (i.e. water) 
m567,XG,"H = m>Y5Z7Y ∙
[	\	%]O^Q],*_'E
%]O^Q],*_'E
  [kg] (8) 
 
The difference between water input and output masses (mH2O,evap,in and mH2O,evap,out respectively) is 
evaporated and goes to waste. During cooling the fluid mass is maintained. 
 
Input energy (i.e. heating, cooling) 




  [kJ] (9) 
 
E@,""b = `m>Y5Z7Y ∙ Cp>Y5Z7Y m567,XG,"H ∙ Cp567a ∙ `T# − TXGa  [kJ] (10) 
 
  




2.6 CARBON ADSORPTION 
Granular activated carbon adsorbs colour bodies. 
 
Figure 7 Block diagram of the unit operation Carbon adsorption 
 
Table 6 Parameters of the unit operation Carbon adsorption 
Operating conditions and/or engineering design facts 
Input 
parameter 
Description Unit Value Reference 




1.8 10-2 Méry, 2012 
nGAC,reg 
Number of GAC regeneration cycles before waste 
disposal 
- 2 Moreno-Castilla et al., 1995 
 
Fluid properties 
Input parameter Description Unit 
ρH2O,Tester Water density at Tester kg m
-3 
 
Input and regenerated mass (i.e. GAC) 
A calculated GAC input mass (mGAC,carbon) is needed to adsorb the desired amount of lactic acid and is 
regenerated a limited number of times during its lifetime before being disposed of. A regenerated 
GAC mass (mGAC,regenerated) is calculated to include GAC regeneration inputs in the methyl lactate 
inventory.  
 
The density of the fluid during carbon adsorption is approximated to that of water. 
 
mcd>," = Qcd> ∙
9*_'E
NOPQ,R*0)*+
  [kg] (11) 
 
mcd>,U = Qcd> ∙
9*_'E
NOPQ,R*0)*+
∙ ncd>,U  [kg] (12) 
 
where mevap is the fluid's mass after carbon adsorption (equal to the fluid's mass after evaporation). 




2.7 ION EXCHANGE 
Ions are removed from the lactic acid solution in two steps. Lactic acid first adsorbs on the resin and 
water goes to waste. During the second step, methanol diluted in water is the eluent for lactic acid. 
Water's mass fraction in the eluent is adapted to obtain the desired lactic acid mass fraction in the 
eluate. The pH during ion exchange is 2.0 (Cao et al., 2002). 
 
 
Figure 8 Block diagram of the unit operation Ion exchange 
 
Table 7 Parameters of the unit operation Ion exchange 
Operating conditions and/or engineering design facts 
Input 
parameter 
Description Unit Value Reference 
wC3H6O3,ion Lactic acid mass fraction in eluate - 25 Miller et al., 2011 
O]QO
]O^Q]
  Methanol : lactic acid molar ratio - 3 Martino-Gauchi & Teissier, 2007 
Qresin Input resin
a,b  
kg kg-1 adsorbed 
lactic acid  
1.9 10-4  Cao et al., 2002 
QNaOH,cond 
Sodium hydroxide mass for resin 
conditioningc 
kg kg-1 lactic acid 1.7 10-4 Cao et al., 2002 
QH2SO4,cond Sulphuric acid mass for resin conditioning
c kg kg-1 lactic acid 4.1 10-4 Cao et al., 2002 
QH2O,cond Water mass for resin conditioning
c kg kg-1 lactic acid 8.3 10-4 Cao et al., 2002 
QH2SO4,regen Sulphuric acid mass for resin regeneration
d kg kg-1 lactic acid 3.4 Víctor-Ortega et al., 2017 
QH2O,regen Water mass for resin regeneration
d kg kg-1 lactic acid 34 Víctor-Ortega et al., 2017 
 
Fluid properties 
Input parameter Description Unit 
MCH3OH Methanol molecular weight g mol
-1 









 Styrene-divinylbenzene resin with quaternary ammonium functionality. 
b 6 year resin lifespan (Dow Chemical, 2016). 
c The initial resin is in chlorine form. Conditioning is needed with sodium hydroxide, water and 
sulphuric acid consecutively. Sodium hydroxide and sulphuric acid concentrations equal 1.0 mol L-1. 
The conditioning volume for each of the three steps is 10 times the resin bed volume (Cao et al., 
2002).   
d Regeneration is done with a 1.0 mol L-1 sulphuric acid solution. The regeneration volume is 1.7 
times the resin bed volume (Víctor-Ortega et al., 2017).   
  
Input mass (i.e. methanol, resin, sulphuric acid, sodium hydroxide, water) 





  [kg] (13) 
 
Input masses of resin (mresin,ion), sulphuric acid (mH2SO4,ion), sodium hydroxide (mNaOH,ion) and water 
(mH2O,ion) are obtained by multiplying Qresin, QH2SO4,cond, QH2SO4,regen, QNaOH,cond, QH2O,cond and QH2O,regen, 
respectively, by lactic acid mass produced during acidification (mC3H6O3).  
 
Methanol and water from the first distillation unit are recycled to the ion exchange unit so input 
methanol during ion exchange compensates its consumption during esterification. No additional 
water input is necessary during ion exchange since it is not consumed during esterification and 
recovered by distillation.    
  





Lactic acid (C3H6O3) and methanol (CH3OH) react using sulphuric acid (H2SO4) as catalyst to form 
methyl lactate (C4H8O3) and water (H2O).   
 
lactic	acid  methanol	 → methyl	lactate  water 
 
Figure 9 Block diagram of the unit operation Esterification 
 
Table 8 Parameters of the unit operation Esterification 
Operating conditions and/or engineering design facts 
Input parameter Description Unit Value Reference 
]O^Q]
OPgQh
  Lactic acid : sulphuric acid molar ratio - 30 Martino-Gauchi & Teissier, 2007 
 
Fluid properties 
Input parameter Description Unit 
MH2SO4 Sulphuric acid molecular weight g mol
-1 
CpCH3OH Methanol specific heat capacity kJ K
-1 kg-1 
 







  [kg] (14) 
 
Lactic acid is the limiting reagent. Stœchiometric molar proportions are used to calculate the 
unconsumed methanol mass (mCH3OH,ester,out) and produced masses of methyl lactate (mC4H8O3) and 
water (i.e. mH2O,ester, out - mH2O,ion).  
 
Input energy (i.e. heating) 
Input methanol during ion exchange and sulphuric acid are heated to Tester. Lactic acid, recycled 
methanol and water are already at Tester due to previous cooling (after evaporation and distillation, 
respectively). 
 
E@,# = `m>5Y75," ∙ Cp>5Y75 m56S7T,# ∙ Cp56S7Ta ∙ (T# − T8)  [kJ] (15) 
 
  




2.9 DISTILLATION 1 
Methyl lactate and sulphuric acid are separated by distillation from a water-methanol stream. 
A two-stage condensation of water-methanol vapours is considered: purging water produced during 
esterification and condensation of the remaining water-methanol vapour which is recycled to the ion 
exchange unit.  
 
 
Figure 10 Block diagram of the unit operation Distillation 1 
 
Table 9 Parameters of the unit operation Distillation 1 
Operating conditions and/or engineering design facts 
Input parameter Description Unit Value Reference 
Tdist1 
Distillation 1 temperature 
(i.e. water boiling point at 1 bar)  
°C 100 - 
 
Fluid properties 
Input parameter Description Unit 
CpC4H8O3 Methyl lactate specific heat capacity
a kJ K-1 kg-1 
ΔHvap,CH3OH Methanol enthalpy of vaporization kJ mol
-1 
 
a Approximated to ethyl lactate's specific heat capacity. 
 
Input energy (i.e. heating) 
E@, #[ = `m>T5k7Y ∙ Cp>T5k7Y m>5Y75,#,"H ∙ Cp>5Y75 m56S7T,# ∙ Cp56S7T m567,#,"H ∙







 [kJ] (16) 
 
where mH2O,ester,out is the water mass after esterification (i.e. water mass after ion exchange plus 
water produced during esterification).  




2.10 DISTILLATION 2 
Methyl lactate and sulphuric acid are separated by distillation. 
 
 
Figure 11 Block diagram of the unit operation Distillation 2 
 
Table 10 Parameters of the unit operation Distillation 2 
Operating conditions and/or engineering design facts 
Input parameter Description Unit Value Reference 
Tdist2 
Distillation 2 temperature 
(i.e. methyl lactate boiling point at 1 bar)  
°C 144 - 
 
Fluid properties 
Input parameter Description Unit 
ΔHvap,C4H8O3 Methyl lactate enthalpy of vaporization kJ mol
-1 
MC4H8O3 Methyl lactate molecular weight g mol
-1 
 
Input energy (i.e. heating) 




 [kJ] (17) 
  




2.11 DISTILLATION 3 
Methanol and water from the first distillation unit are separated by distillation. Water produced 
during esterification (i.e. mH2O,ester, out - mH2O,ion) is purged whereas the remaining mass is recycled with 
methanol to the ion exchange unit. 
 
 
Figure 12 Block diagram of the unit operation Distillation 3 
 
Table 11 Parameters of the unit operation Distillation 3 
Operating conditions and/or engineering design facts 
Input parameter Description Unit Value Reference 
Tdist3 
Distillation 3 temperature  
(i.e. methanol boiling point at 1 bar) 
°C 64 - 
Tdist2,distillate Liquid distillate temperature from distillation 2  °C 63 - 
 
Input energy (i.e. heating) 




 [kJ] (18) 
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